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An optimization approach is used to assess the energy performance and design of 
residential homes in The Bahamas with the goal of providing objective data for policy 
makers to achieve the sustainability goals in the country. EnergyPlus and jEPlus+EA 
provide the platform for this study, implementing the non-dominated sorting genetic 
algorithm II (NSGA-II) for optimization. Optimal solutions are compared to a building 
model developed from audited data.  
The results indicate that design alternatives presented here can be feasibly implemented 
that possibly achieve net zero energy and carbon negative status. The peak reduction in 
life cycle costs is 42%, in building energy consumption is 30%. Additionally, the optimal 
R-values in the wall and roof constructions vary between 5-15, and 7-25, respectively. It 
was also shown that tariff rates have little effect on the construction of buildings, but has 
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Every drop echoes a tale 
This is the sound of the rain 
A murmur of the future 
A whisper of the past 
 
This is the sound of the rain 
Listen closely and you will hear 
A whisper of the past 
That made you who you are today 
 
Listen closely and you will hear 
Stories of great failures and success 
That made you who you are today 
Do not forget 
 
Stories of great failures and success 
A murmur of the future 
Do not forget 
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Chapter 1: Introduction 
1.1 Background and Motivation 
Energy is an important resource used by our modern society and is a fundamental part of 
economic and social progress in industrialized countries. Many studies have looked at the 
relationship between energy consumption and economic growth and showed that there 
exists a positive correlation between them [1]. It is also shown that increases in energy 
consumption correspond with an increase in not only gross domestic product (GDP) but 
also with carbon dioxide emissions [2].  Global development has made energy 
consumption and environmental impacts a major concern. Another concern, associated 
energy consumption is that buildings consume about 40% of the global demand for 
energy and are also  large producers of greenhouse gases [3]. In terms of residential 
energy consumptions, buildings  consume about 25% of the global energy, produce about 
17% of the greenhouse gas (GHG) emissions [4]. Many countries throughout the world 
have the challenge of managing their energy and natural resource usage. Globally, the 
power generation sector faces two major challenges, the high emissions of greenhouse 
gases and the depletion of energy resources, which require innovative solutions [5]. 
In 1992, the United Nations recognized a group of developing countries categorized as 
small island developing states (SIDS) which face a unique set of problems that affect the 
development of their economies, energy security, and environment. This group of 
developing countries have two main similarities, their small size and remote locations, 
which led them to have similar issues such as limited economies, susceptibility to natural 




For most small island countries or small island developing states (SIDS) managing the 
energy usage has moved from the desire for self-sufficiency and energy independence to 
overdependence on imported sources of energy [6]. Most developing countries such as 
the Caribbean Community (CARICOM) member countries have experienced an increase 
in energy consumption since the 1990’s, and fossil fuels have dominated the energy 
market in these Caribbean countries [7]. 
1.1.1 State of Small Island Developing States 
1.1.1.1 Energy and Economic Overview 
In SIDS, limitations on traditional energy sources exist due to their remoteness and small 
sizes, and for the majority of the SIDS in the world, fossil fuel imports are the main 
sources of energy. Across SIDS, fossil fuel imports account for approximately 20% of 
annual import costs with some countries spending more than 30% of their GDP on them 
while imported fossil fuels in the Caribbean account for 90% of the energy usage  [8]. 
Electricity security is an important issue in SIDS, but renewable energy supply in these 
areas are abundant and should be explored as an alternative. To exacerbate the issue, 
energy prices are volatile and expensive in SIDS. In the Caribbean, the average electricity 
price is 0.35$/kWh which is among the highest is the world. This high price of electricity 
is compounded by SIDS’ isolation and limited market size where fossil fuel import 
revenues are expected to double by 2028 [9]. The Caribbean, in particular, is one of the 
world’s largest untapped source of renewable energy [10].  
These factors have created great interest in the utilization of renewable energy resources. 




[8] allowing for solar energy to be utilized in various ways such as solar water heating, 
photovoltaics, solar cooling, solar drying, etc.  
 In addition, wind energy is another promising resource in most islands, averaging 
wind speeds between 3-10 m/s with maximum wind speeds up to 40-50 m/s [11]. In the 
Caribbean region, wind speeds average between 7-8 m/s annually [12]. In particular, The 
Bahamas experience wind speeds between 6-7 m/s throughout the year having high 
variability in the dry season and late rainy season, and moderate variability in the early 
rainy season [12]. Hydro power is a viable resource for mountainous islands and accounts 
for approximately 89% of the amount of electricity generated from renewable resources 
in the Caribbean. Geothermal energy utilization has been rapidly growing as a renewable 
energy source and islands that lie along tectonic plate junctions can benefit from its 
usage. São Miguel is an example where geothermal energy accounted for 42% of 
electricity generated [13]. In the Caribbean, there are a few countries that can utilize 
geothermal energy effectively. Guadeloupe has a geothermal plant with an installation 
capacity of 15 MW [14]. Throughout the Caribbean, some countries have already 
implemented renewable energy technology. Barbados has about 40 kW of photovoltaics 
installed along with an estimated 45,000 solar water heaters. Jamaica has incorporated 
hydro plants and wind turbines (approx. 20 MW), while Aruba and Curacao have also 
installed wind turbine systems [3]. Guadeloupe has 90.4 MW of installed renewable 
energy (26.3 MW for the wind, 64.1 MW for photovoltaics) not including geothermal 
[12]. In the neighborhood of the Caribbean region, Argentina has about 11 MW of 




successful adoption of renewable energy in the SIDS show that renewable energy 
integration is possible with innovation.  
1.1.1.2 Buildings 
In 2013 it was estimated that buildings accounted for 25% of the total energy 
consumption in Latin America and the Caribbean region and this was likely to increase 
due to the expansion and improvements in the standard of living [15]. Buildings are seen 
as a key part of the transition into energy sustainability where there is potential for the 
increase of the energy efficiency of buildings in the region along with enhanced comfort 
levels.  
In many developing nations, building designs are inefficient in their energy usage, and 
little consideration is taken for improvement in building energy efficiency. Worldwide, 
many advances have been made in energy performance with net zero and “green” 
buildings made possible. Reducing energy consumption is a challenge, but there is 
potential in improving building designs in these developing countries.  
A relatively new approach to addressing the issue of reducing energy consumption in 
buildings is the concept of Net Zero Energy Buildings (NZEB), which combines building 
energy efficient techniques and renewable energy integration. Much of the research 
pertaining to building sustainability has revolved around developed countries since they 
consume the most energy, and have the economic means to implement such approaches. 
However, in developing countries and SIDS, the design and implementation of 
sustainable buildings are important. In these countries, buildings are not built with energy 
efficiency in mind. Further, many of these SIDS have a good supply of renewable 




utilized to their full potential. Many factors have influenced the slow adoption of 
renewable energy technologies including, economic constraints, lack of policy, and 
corruption.  
1.1.1.3 Environmental Concerns 
A large motivator for energy conservation measures and renewable energy usage 
worldwide is to mitigate the effects of rapid climate change. It is well established that 
anthropogenic climate change is a global issue and SIDS are susceptible to the 
consequences that occur due to the rapid climate change. Anthropogenic climate change 
is caused by the release of GHG, especially carbon dioxide, into the atmosphere by 
burning fossil fuels. Some expected effects of this include rising sea levels and more 
extreme weather patterns such as hurricanes and tropical storms. Low-lying SIDS are 
vulnerable to severe ecosystem alteration. A study has shown that sea level rises has been 
a major driver in the disappearance of five Solomon islands in the Pacific [13]. These 
SIDS, which are heavily dependent on fossil fuels contribute to the overall issue and 
should take action to help reduce their vulnerability. Additionally, there exists a social, 
economic, and environmental need to reduce fossil fuel usage such as high fuel costs, 
land preservation, and rising sea levels. Reducing building energy consumption and 
implementing renewable energy systems can help alleviate some of these issues.  
1.1.1.4 Policy 
Energy Policy reform plays a key role in the development of renewable energy usage in 
SIDS. Current reform has been limited in SIDS, and there is significant uncertainty as to 
what particular reform to take due to inherent limitations such as energy demand 




competition. A majority of SIDS have a total installed capacity of less than 1000 MW, 
which makes attracting sustained competition difficult. Hence, energy policy reform is an 
ongoing topic of debate, and SIDS’ efforts to attract private sector investments have had 
limited success. As a result, the electricity industry is usually comprised of government 
owned power companies with smaller power producers feeding electricity into the grid. 
However, because of ambitious renewable energy targets set by SIDS, energy policy and 
aid has affected the way renewable energy is adopted. Schemes such as feed in tariff 
regulations and de-politicization of the energy sector are aimed at attracting new small 
private investment into renewable energy development. Renewable energy goals that 
emphasize on the proportion of energy produced by renewable resources has an inherent 
bias toward centralizing the power supply. The agenda of these renewable energy targets 
are essential to opening the market for new investment, but targets that are created solely 
for political objectives tend to be fragile. 
1.1.2 The Commonwealth of The Bahamas 
The Bahamas is an archipelago nation consisting of over 700 islands and cays with 
11,400 km2 of land area spread over 259,000 km2 of the ocean. The most recent census in 
2013 estimates the population of The Bahamas to be 377,400 and an average household 
size of 3.4 persons [16]. In 2014, the electrical energy use per capita was 5,700 kWh [15]. 
The country’s primary energy producer is The Bahamas Power and Light Company 
(BPL), which was formerly known as the Bahamas Electrical Company (BEC). The BPL 
has 29 generation plants (28 diesel, 1 natural gas) spread across the country with a total 
installed capacity of 438 MW [17]. In addition to BPL, the privately owned Grand 




has 9 diesel generators with an installed capacity of over 100 MW generating power 
solely for the island of Grand Bahama [18].  
Similar to other Caribbean countries, The Bahamas can be characterized as having a 
small economy with a large gross domestic product (2nd in the region) with a heavy 
dependence on imports. Fossil fuels account for about 23% of the annual national 
expenditure on imports. In 2010, US$2.8 billion was spent on fossil fuels.  
The Bahamas imports all of its fossil fuels [19], and the domestic production of energy 
through renewable resources could reduce price fluctuations and potential supply 
disruptions, providing more self-sufficiency and stable energy costs in the long term. 
Renewable energy alternatives could improve the country’s energy security by 
diversifying its power generation choices and help offset the trade deficit caused by the 
reliance on fossil fuel imports [20]. The Bahamas has established new renewable energy 
polices and goals. However, there are no comprehensive solar and wind databases for the 
country. Presently there are no solar radiation measurement sites, but there are a few sites 
for wind measured data. These sites include two airports (Lynden Pindling National 
Airport (NAS) and Grand Bahama International Airport) and a third at a site established 
by the National Oceanic and Atmospheric Administration (NOAA) located on the island 
of the Grand Bahama. 
Using renewable resources can provide economic benefits for tourism (the largest 
industry in the country) through a modern strategy such as eco-tourism to attract more 
visitors. Additionally, The Bahamas has joined the Paris Agreement on climate change of 




achieved by 2033. These include but are not limited to the adoption of net metering and 
net billing policies [17]. 
In 2013, The Bahamas released a new energy policy that pointed out that the country has 
a goal of producing 30% of its energy from renewable sources by 2033 [17]. It outlines 
the strategic framework addressing supply and demand in six key areas: 
1. Security of energy supply through diversification of fuels 
2. Modernizing the country’s energy infrastructure 
3. Development of renewable energy sources such as solar, ocean energy, biofuels, 
waste-to-energy, and wind 
4. Energy conservation and efficiency 
5. Development of a comprehensive governance/regulatory framework to effectively 
support the advancement of the energy sector to be effectively able to facilitate 
the introduction of renewables and the diversification of fuels 
6. Eco-efficiency in the manufacturing, agricultural and tourism sectors and 
government as leaders in energy conservation and the use of renewable energy 
This study focuses on the first five key areas and the goals of the energy policy that this 
study tries to address directly or indirectly include: 
i. Economic: Significant reduction on the dependence of expensive oil imports 
ii. Energy:  
 Develop minimum energy standards for buildings 
 Incentives for developers to become more energy efficient 




 Develop the framework for smart metering and net metering that value renewable 
energy production at the point of end-use and allow public utility networks to 
provide “energy storage” for small users. 
 Energy diversification 
iii. Environmental: 
 Reduce overall carbon footprint 
 Reduce impacts of climate change 
 
1.1.3 Thesis Motivation 
The state of SIDS have been discussed and it is clear that the economic, environmental, 
and policy concerns need to be addressed. Little research has been done on residential 
buildings in SIDS and in particular the Caribbean. Much of the residential building 
energy research has been focused on developed countries, however, accelerated climate 
change has created a dilemma for SIDS, especially the potential impacts to rising sea 
levels. Since many SIDS have yet to fully realize their renewable energy potential, have a 
high dependence on fossil fuels, and have outdated and energetically inefficient building 
designs. Improving these areas is of importance for the future of these SIDS. This is 
especially relevant because the energy consumption patterns show that the demand for 
energy will continue to increase in the future, and without intervention an even heavier 
reliance on fossil fuels will exacerbate the current problems.  
The potential of renewable energy resources in SIDS is large, and focusing on improving 




require less economic effort and innovation will not only provide useful information but 
improve the quality of life in these places. In addition, if the full effects of climate change 
come to fruition, developed countries will have to take on the burden of refugees from 
these SIDS which can dramatically affect the economies of developed countries. These 
reasons provide critical motivation for this research. 
The focus on residential buildings stem from a practical point of view in that they provide 
a more straight forward design problem and many methods and approaches exist that 
deliver reliable solutions and provides a reasonable starting point for a study in SIDS. 
The Bahamas is one of the more economically wealthy countries out of all the SIDS, yet 
it has not adopted any form of renewable energy integration and has poor residential 
building energy standards. In addition, the country lies within the equatorial region where 
most other SIDS are located, providing for a similar climate whilst facing the same 
energy issues, fossil fuel dependence, and climate change impacts. These factors make 
The Bahamas an ideal place to use as a case study, and the applicability of information 
gathered can be beneficial to other SIDS.  
1.2 Scope of Thesis 
This study focuses on building envelope characteristics and renewable energy integration 
in the form of on-site PV, with the primary goal of minimizing the costs, carbon 
emissions, and energy usage over the useful life of the building using multi-objective 
optimization. In addition, economics, optimized solutions and effects on optimized 
solutions are assessed. The study is limited to residential buildings in the Caribbean. In 
the investigation, a typical residential home in The Bahamas is used as a baseline for the 




The Bahamas. Electrical energy is the only form of energy that is assessed in this study 
and carbon emissions are determined from primary energy usage from the grid taking 
into consideration transmission losses.  
There are no metering policies or renewable energy incentives in The Bahamas other than 
the reduction of import costs on solar equipment by 10%. This study assumes that 
electrical energy can be sold back to the grid, at various prices. This framework is 
adapted from a pilot program that was conducted in The Bahamas to determine if this 
type of policy is suitable [21]. 
Typically in optimization studies, assumptions are used for the building type, local 
construction practices and costs, and climate conditions. The study seeks to provide 
acceptable accuracy despite the limited building energy statistics, climate data, and 
information on design parameters for small island developing states.  
The life cycle cost analysis used here should not be confused with Life Cycle Analysis 
(LCA), which assesses the environmental impacts of the total energy use over all the 
stages of the building’s life. Here the analysis is limited to the operational life. 
1.3 Thesis Objectives 
Many buildings in the SIDS are small single story family dwellings and research is 
generally lacking in this area. In building analyses, many studies focus on the 
optimization of the envelope in first world countries. The present study aims to examine 
the design and feasibility of residential homes in the SIDS using a multi-objective 
optimization method to find cost effective energy conservative designs of the building 




grid PV system in SIDS using a multi-objective optimization method with the aim to 
improve understanding of different designs and to determine optimal ones. 
An additional objective is to use a multi-objective optimization approach to further 
understanding of residential building designs, including those that lead to net zero energy 
use, and their role in achieving the energy policy goals in The Bahamas. 
This study, therefore, aims to fill this gap by bridging the effects of policy framework 
schemes and optimization of building designs on a residential scale in a small island 
state. This study quantifies the changes that occur in the optimal solutions and provides 
insight into the design of buildings based on the variations in the rate schemes. This 
research also contributes to the larger discussion that relates to the optimal design of 
buildings and integration of renewable energy systems in small island developing states. 
This study is intended for policy makers to help achieve the country’s energy goals, but 
homeowners and utility companies would find the research of interest as well.  It is 
expected, therefore, that this information will help national governments and other 
stakeholders make more informed decisions on energy issues, especially for The 
Bahamas and other small island states in the CARICOM. 
The specific objectives of this study can be summarized as follows:  
i) Develop an optimization environment to assess residential building designs in the SIDS 
using The Bahamas as a case study,  
ii) Investigate renewable energy integration in the form of PV and battery storage and 




iii) Quantify potential energy savings, evaluate potential cost savings, and potential 
carbon emission reductions of residential buildings in The Bahamas 
iv) Investigate various feed-in tariff policies and their effects on residential building 
designs in The Bahamas.  
v) The overarching objective is to provide information for policy makers on the design of 
residential buildings in The Bahamas to facilitate prudent energy policy decision making. 
1.4 Thesis Structure 
The thesis will be structured as follows: 
Chapter 2: In this chapter, a literature review of previous studies that are applicable to 
this research is presented. This includes topics pertaining to net zero energy, building 
energy use in SIDS, building performance simulation, optimization, and feed-in tariffs.  
Chapter 3: This chapter provides the methodology used to achieve the objectives 
described in Chapter 3. It explains the assumptions and simplifications of the work, 
optimization framework, optimization objectives and constraints, and optimization 
scenarios. 
Chapter 4: The goal of this chapter is to introduce the simulation environment along with 
examples of the input and output, along with the configuration details of the software. 
Additionally, the renewable energy system modeling is discussed providing information 
on the equations and background of the used energy models used in the simulations. The 
feed-in tariff configuration is discussed and how they are representative of the different 




model are presented including how the design parameters are related to the design 
variables used in the study. 
Chapter 5: This chapter begins by presenting the validation and verification of the 
baseline building model, and the optimization method used in this study. Then the results 
of the investigated optimization cases are presented and discussed. 
Chapter 6: This chapter summarizes the finding of the research and provides conclusions 
based on these findings. In addition recommendations for improving the current study, 















Chapter 2: Literature Review 
2.1 Net Zero Energy and Buildings 
A radical approach to the mitigation of energy usage in the building sector is the concept 
of a net zero energy building (NZEB). NZEB, in general, have four main definitions 
addressed by Torcellini [22]: 
• Net zero site energy:  a site where a zero energy building (ZEB) produces at least 
as much energy as it uses in a year when accounted at the site. 
• Net zero source energy: a source ZEB produces as much energy as it uses in a 
year when accounted for at the source. Source energy refers to the primary energy used to 
generate and deliver the energy to the site (imported and exported energy). 
• Net zero energy costs: in this scenario, the amount of money the utility pays the 
building owner for exported energy to a grid is at least equal to the amount the owner 
pays the utility for the energy services over the course of a year. 
• Net zero energy emissions: a net zero emissions building produces at least as 
much emissions free renewable energy (RE) as it uses from emissions producing energy 
sources.  
Additionally, the International Energy Agency defines ZEBs as buildings that do not use 





• NZEBs over a year deliver as much energy supply to the grids as they use from 
the grids. They do not need any fossil fuels for heating cooling lighting or other energy 
uses although they sometimes draw energy from the grid. 
• Zero stand-alone buildings do not require connection to the grid or only do so 
only as a backup. Stand-alone buildings supply themselves with energy as they can store 
energy for use when the RE sources do not produce enough energy to meet the demand. 
• Plus energy buildings deliver more energy to the supply system than they use and 
over the course of a year produce more energy than they consume. 
• Zero carbon buildings over a year do not use energy that results in a carbon 
negative scenario. That is they produce enough CO2 free energy to offset the energy used 
from CO2 producing sources.  
There are also other definitions to describe NZEBs such as a life cycle zero energy 
building (LC-ZEB) which is a building whose energy use in operation plus the energy 
embedded in materials and systems over the life of the building is equal to or less than 
the energy produced by the RE systems within the building [23].  
Though the definition of what encompasses an NZEB is varied, it is generally accepted 
that the approach for achieving NZEB comprises of two main steps. The first is to reduce 
the energy demand/consumption then supply the reduced demand by incorporating 
renewable energy. The demand side strategies include energy efficient measures (EEMs) 
along with passive methods (using ambient energy sources instead of purchased ones). 
Then renewable energy technologies either on site or off site are used on the supply side 




The literature review of building energy efficiency and NZEB provide evidence that the 
reduction of energy use through active and passive design strategies along with RE 
system integration is possible [24]–[26]. Advancements in solar power energy and 
application have created continuing opportunities to reduce emissions and provide a 
sustainable alternative for energy production. Advancements can be seen in the design, 
application, energy efficiency and renewable energy technology integration of solar 
energy particularly in net zero energy homes. A study conducted by Kapsalki et al. and 
Leal et al. examined net zero energy (NZE) homes in Austria, Canada, Germany, the 
United Kingdom and the USA to conclude both the difficulty and feasibility of NZE 
homes. It was concluded that the net yearly balance was not excessively difficult and 
could be accomplished by combining standard building design practices with sufficient 
on-site renewable energy generation systems [25]. An early example of a near NZEB 
constructed in Lakeland, Florida in 1998, used higher levels of thermal insulation, solar 
water heating, efficient appliances and lighting, high-efficiency heat pump and a 
photovoltaic (PV) system [25]. However, it did not achieve zero energy on an annual 
basis (about 75%), but it became a flagship for the program created by the US 
Department of Energy, Zero Energy Homes. The Eco Terra house located in Eastman 
Quebec in Canada is the first net zero energy home in Canada. It features an extremely 
airtight envelope with high levels of insulation, triple low-e (emissivity) coated windows, 
geothermal heat pump, building integrated PV/T roof system, ventilated concrete slab, 
passive solar design, and thermal storage [27]. Even in the Caribbean, Jamaica’s 
University of the West Indies (UWI) has a project to develop the first net-zero building in 




insulated, low emissivity windows and thin film PV for power generation [28]. Though 
not using air conditioning it plans to make use of natural ventilation.  
Around the world, buildings continue to consume energy at high rates significantly 
contributing to GHG. NZEBs provide sustainable means to revolutionize energy 
consumption by reducing emissions and increasing energy efficiency. NZEBs have 
proved successful around the world. Currently, over 360 buildings have succeeded in 
zero energy efforts internationally [29]. This proves the potential and realistic capabilities 
to reduce buildings emissions through to a net zero energy state.  
Researchers have addressed sustainable building design, energy systems, optimization, 
software, and the progress of net zero energy buildings. Authors such as Sadineni et al. 
[30], Shameri et al. [31] and Pacheco et al. [32]  have reviewed sustainable building 
design and optimization, focusing on specialized areas of NZEB. Sadineni et al. 
addressed building envelope components. They found that passive energy efficiency 
measures are highly sensitive to meteorological factors and a deep understanding of the 
climate is necessary in the design. In addition, they also concluded that building energy 
modelling is important in the design process to select the best energy efficient measures 
for a particular climate.  
Shameri studied the double skin façade systems in buildings and reported that they are 
one of the best options to control heat transfer between the interior and exterior of 
buildings efficiently reducing energy consumption [31], and Pacheco reviewed the 
energy efficient design of buildings [32] and came to several key conclusions. It was 
found that a more energy efficient building is not necessarily the cheaper or 




performance that is adaptive with the varying climate conditions. Additionally, the 
building geometry has the greatest repercussions on the total building energy demand. 
Giving insight on the production of energy systems, Chauhan et al. [33] and Bajpai et al. 
[34] have reviewed integrated energy systems and hybrid integrated energy systems for 
stand-alone applications. Chauhan et al. concluded that the genetic algorithm and other 
meta-heuristic algorithms are the most promising for dealing with the stochastic behavior 
of wind and solar energy sources, while Bajpai et al. provided a comprehensive overview 
in the developments of hybrid renewable energy systems and stated that they are able to 
help remote areas be more self-sufficient. 
The literature also presents a variety of detailed and advanced strategies to reduce the 
energy consumption of buildings. Studies like Torcellini [22] and Ren et al. [35] 
investigated strategies with a wider range of application and transferability to other 
designs with differing climate and building structure.  
Research also suggests several in-depth strategies to achieve zero energy performance. 
Abakr et al. studied temperate and tropical bioclimatic zones [36], while Newton and 
Tucker studied mild temperate zones and the key requirements to achieve net zero carbon 
performance [37]. Both Abakr et al. and Newton and Tucker’s findings are both based on 
modeled or estimated energy demand and may have no direct correlation between the 
demands associated with household behaviors, but do still provide key insights into low 
and zero energy homes. 
Understanding the user of energy helps to accurately describe how people in different 
energy designs would utilize the system. Behavioral Scientists Schipper et al. [38] and 




and the same climate, and had results that indicated that user behavior influenced end-use 
differences of up to 300%. Shove suggests that the central factor in the energy equation is 
the household [40]. 
Renewable energy technologies, including solar photovoltaic (PV) systems, have large 
potential in producing electrical power. However, there exist limitations in that the 
electricity generation is limited to the daytime, and depends on weather conditions, 
resulting in an intermittent power supply. Consequently, gaps are created leading to a 
mismatch between demand and supply. One method of rectifying this limitation is the use 
of energy storage technologies. Many examples exist that indicate the effectiveness of 
incorporating energy storage technologies with renewable energy. The role and potential 
of energy storage were examined in detail by Rosen [41], who concluded that they play a 
key role in NZEBs, allowing for more sustainable energy systems. A study assessing the 
present and future feasibility of battery storage systems showed that PV and battery 
storage systems are already feasible and over time can become net producers of energy 
[42]. Likewise, a study addressing the sizing of PV using a battery storage system 
concluded that, in the long term, PV systems with batteries will become profitable, and it 
is important to use the full potential of PV energy generation [43]. Another study focused 
on the energetic and economic optimization for an island household in New Zealand and 
found that the optimal solutions produced 2.5 - 4 times the energy used while 
incorporating battery storage [44]. Additionally, an economic and emissions based 
optimization study in Turkey on hybrid energy systems preferred combinations of PV, 




[45]. A wide range of other work pertaining to energy storage can be found in the 
literature [46]–[52]. 
These research papers give great accounts of methodology, findings, and progression 
within the NZEBs market. However, due to the complex nature of buildings, each design 
should be assessed on an individual basis. Moreover, add-ons such as renewable energy 
systems, energy appliances, energy storage, and smart grids heighten a building’s 
intricacy.  
2.2 Feed-In Tariffs 
The deployment of feed-in tariff (FIT) schemes have been shown to encourage the 
implementation of grid-connected renewable energy systems by consumers [53]. The 
framework of systems encompasses the supply of electricity into the grid that is appraised 
at either the same price (net metering) or a different price (net billing). The principal 
benefit of FIT policies is the extended amount of financial sustenance that helps lower 
consumer investment risks significantly [54]. The terms net metering and net billing have 
been applied by different authors, but these terms were clarified by Hughes and Bell [53], 
who also define their different “modalities”. In essence, net metering and net billing are 
frameworks that enable customers to own, operate, and profit from renewable energy 
generation by offsetting some or all the electricity taken from the grid, or making a profit 
on excess energy exported to the grid.  
Many recent studies examined the different effects of various tariff schemes and the 
application of different policies and their implications [55]–[57]. Others addressed the 




structures [58]–[60]. One study concluded that net metering has an integral role in the 
growth of rooftop PV installations and also can hedge fuel price risks in small and 
isolated systems where high price volatility of fuel such as oil occurs frequently [61]. 
Comello and Reichelstein [62] provided insight into the dynamics that result from various 
net meter methods and showed that different rolling credit schemes (daily, monthly, or 
yearly) increase income per household as the time period increases. A similar effect was 
seen to occur in Chile [57], while in Brazil a study determined that a general policy 
framework similar to the approach adopted by the European Union for smart metering 
should create benefits and increase deployment of renewable energy [63]. It was also 
revealed that the retail rate design has a dramatic effect on the deployment of PV and that 
energy storage can help mitigate the dampening of PV adoption [64]. Some small island 
developing states have adopted some form of schemes while others are still in the piloting 
process and have yet to completely adopt any policies [65], [66]. A study assessing the 
impact of rate design on electricity bill savings argued that net billing might provide 
benefits over net metering by eliminating the variation in bill savings across distributed 
customers. Instead of considering grid systems, another study applied net metering to 
small scale district heating systems and concluded that thermal solar systems can provide 
excess heating during the summer for the district, and over the year produce more 
thermal energy than is used [67]. They have also determined frameworks to analyze and 
optimize the impacts of policy incentives [68]. Some misconceptions about FIT schemes 
were addressed, showing that the utility, consumers, and the energy community all accrue 




The literature provides insight into structures for net metering and net billing, along with 
the effects of renewable energy system integration and policy implications. Previous 
reports did not take into account the effect of FITs on the design of the building as a 
whole, which includes renewable energy and energy storage systems. It has been 
demonstrated that renewable energy integration involves key tradeoffs when 
incorporating the design of a building, both economically and energetically. 
2.3 Building Performance Simulation and Optimization 
2.3.1 Building Performance Optimization 
Multi-objective optimization has become more utilized as their benefits over single 
objective algorithms is recognized. The advantages of using a Pareto approach than 
having to weigh objectives in a composite single objective allows for optimal tradeoff 
solutions to be found. That is the Pareto front contains the optimal solutions of all the 
weighted objectives rather than a single weighted solution. Two objectives are most 
common in studies, but more objectives is possible. However, the resulting trade off 
solutions become more difficult to visualize and increases computational resources 
needed. 
A study by Evins et al. used design of experiments to identify 14 variables for 
optimization that were most influential. Then applied a genetic algorithm to minimize 
carbon emissions and capital costs using constraints such as overheating and rooftop area 
[71].  
Wu et al. [72] investigated the optimization of building energy systems and envelope 




using two objectives of minimizing costs and greenhouse gas emissions. They concluded 
that retrofits while attractive to reducing emissions, it has a large impact on costs and 
should be implemented along with improvements to the heating systems for optimal 
results.  
Youssef et al. used a genetic algorithm to investigate building integrated photovoltaics in 
Egypt using two objects minimizing PV generation costs and minimizing net energy 
consumption [73]. This study focused on building geometry and not and passive or active 
measures. Optimal design solutions had minimum window to wall ratios on all facades 
and recommended that PV should be excluded on facades set at an azimuth of 345 
degrees and 75 degrees.  
A study was done by Attia et al. which conducted interviews with leading industry 
practitioners and experts in the field of building performance optimization and identified 
the most common variables, objectives, and constraints used [74]. The most common 
variables related to control strategies, energy systems, and the building envelope. The 
most common objectives included energy, costs, and thermal comfort. With constraints, 
thermal comfort was significantly the most frequent. 
2.3.2 Optimization Methods and Tools 
Many optimization methods that find optimal results with efficiency and accuracy exist. 
Hamdy et al. identified five families of algorithms that are common in building 
optimization studies and include the direct search, integer programming, gradient based, 
stochastic population-based, and the trajectory search families [75]. Stochastic 




Particle swarm algorithms, hybrid algorithms that included population-based algorithms 
were also common. The others were hardly used.  
Meta-heuristic evolutionary algorithms such as the genetic algorithm based on the 
Darwinian principles have been shown to find good solutions for objective functions in 
fewer simulations than some other methods and therefore became popular to solve 
optimization problems. Bichiou et al. found that the genetic algorithm was the most 
efficient method for minimizing objective functions and save computational time by up to 
70% compared to particle swarm and sequential search techniques [76]. Wetter et al. 
compared algorithms used to minimize cost functions with different smoothness [77]. It 
was concluded that the hybrid particle swarm and Hookes-Jeeves algorithm provided the 
largest cost reduction, but a simple genetic algorithm found a slightly less accurate 
solution in far fewer iterations.  
In the literature, studies have developed custom optimization environments in MATLAB 
and other programming platforms where the optimization method is coupled with energy 
simulators like EnergyPlus, TRNSYS, DOE-2, ESP-r, and IDA-ICE [78]–[81]. Other 
programs created for building energy simulations were specifically made to couple 
energy simulators with optimization algorithms [82]. These programs require 
substantially less coding to setup and perform and optimization run, unlike custom 
environments that require the optimization platform to be developed entirely. 
GenOpt is a free optimization platform developed in 2001 by the Lawrence Berkley 
National Laboratory and has been widely used in the literature [83]. It can be coupled 
with energy simulators that use text based output. GenOpt includes many types of 




objective functions. Users would have to combine objective functions into a single 
function using the weighted sum method to balance the significance of objectives.  
Another software called BEopt is a freeware that was designed to find optimal building 
designs on the path to NZE. It was developed by the National Renewable Energy 
Laboratory and uses EnergyPlus or DOE-2 simulation engines via a sequential search 
optimization algorithm [84]. No coding is required using a simple interface and has been 
used in the literature. BEopt is good for testing large numbers of energy efficient 
measures over a wide range of climatic and economic conditions but from a pre-defined 
set of parameters. However, it lacks customization, and the objective function is unable to 
be modified [84].  
Additionally, jEplus+EA is an open source and freeware package that combines a 
parametric analysis tool with a genetic algorithm that can be coupled with EnergyPlus of 
TRNSYS [85]. It uses integer coding in the algorithm to handle discrete variables and 
multi-objective problems. It employs the Non-denominated Sorting Genetic Algorithm 
(NSGA-II) for optimization problems. It was shown that for discrete variables, 
jEplus+EA was superior to a Kriging method [86]. 
Also, MOBO is a generic freeware developed to handle multiple objective problems with 
continuous and discrete variables along with constraint handling [87]. It contains multiple 
types of algorithms along with the ability to handle multi-modal functions. It can also be 
coupled with a variety of energy simulators to perform building energy optimization. Its 
aim was to fill a gap by providing a customizable tool that was able to handle a wide 
variety of problems [87]. Other software packages that have been used in literature are 




algorithms and no for others in the tool, and a question mark (?) means that it may be a 
possibility.  
























Opt-E-Plus Y N N N N 
GENE_Arch Y Y N N N 
BeOpt Y N N N N 
TrnOpt N Y N N Y 
MultiOpt2 N Y Y ? Y 
jEplus+EA Y Y Y Y N 
GenOpt Y N N Y Y 
Model-Center N Y Y/N Y N 
modelFRONTI
-ER 
N Y Y Y Y 
DAKOTA Y Y Y Y Y 
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2.4 Energy Research in SIDS  
The state of research conducted in SIDS is limited, and specific studies that relate to 
optimization of residential buildings and residential building energy and efficiency is to 
the author’s knowledge is nonexistent. This section presents studies that relate to 
optimization and energy research that has been focused on SIDS. 
Velzen explored the optimization of hybrid electrical systems for use in Aruba and 
Shetland [88]. The study focused on levelized cost of energy and renewable energy 




study found that cost optimal system provided an LCOE of 0.107 $/kWh in Shetland and 
0.105 $/kWh in Aruba with a renewable energy coverage of 63%. Ribiero et al. studied 
how to make renewable energy systems more reliable using a case study of a hybrid 
renewable energy system using wind and solar in Lençóis an island in Brazil [89]. It was 
reported that the system practically reduced emissions and the experimental results 
showed that the quality and reliability of distributed energy was good.  
The author has contributed to the literature by analyzing the feasibility of a hybrid 
renewable energy system in The Bahamas [90]. A system utilizing PV and wind energy 
was studied, and was found that the system was currently feasible having equity payback 
under 10 years while identifying key impact variables and conditions that affected the 
feasibility. Nadia et al. analyzed distributed energy generation and load shedding 
schemes in The Bahamas [91]. It was found that renewable energy integration minimized 
transmission losses, improved power flow and reliability of the grid. Forde studied 
renewable energy technologies and their applicability to the hotel industry in Barbados 
using an economic analysis to determine their suitability [92]. It was found that the 
LCOE for the renewable energy technologies achieved grid parity or less. In particular, 
solar PV ranged from $0.36- $0.48 per kWh, onshore wind from $0.14-$0.17 per kWh, 
and small wind from $0.30-$0.51 per kWh.  
2.5 Key Concepts 
Researchers have studied sustainable buildings, energy systems, building envelope 
components and net zero energy buildings [30], [82], [93]–[95]. In addition, optimal 
design configurations of residential buildings that incorporate renewable energy 




has been studied [25]–[27], but little objective work has been done to quantify this 
potential for practical use. As mentioned earlier, the small island countries are susceptible 
to climate change and ocean level rises, providing an existential threat [28]–[30]. 
Research is needed in this region not only to provide solutions to energy issues but also to 
address climate change challenges by examining residential buildings in The Bahamas 
and optimal configurations that can reduce carbon emissions and life cycle costs, while 
implementing solar PV and battery storage, with the objective to improve understanding 
of them and their benefits.  
The review of the literature has identified a few key gaps. Studies that focus on 
residential building designs are lacking for SIDS, and the integration of PV and battery 
storage into residential buildings. This study to the author’s knowledge is the first that 
optimizes residential buildings in The Bahamas investigating PV and battery storage 
integration. The literature provides insight into structures for net metering and net billing, 
along with the effects of renewable energy system integration and policy implications. 
Previous reports did not take into account the effect of FITs on the design of the building 









Chapter 3: Approach and Methodology 
The following sections describes the methodology used in this study to fulfill the research 
objectives. It explains the assumptions and simplifications of the work, optimization 
framework, optimization objectives and constraints, and optimization scenarios.  
3.1 Simplifications and Assumptions 
The research investigates passive ECMs, which include wall and roof construction 
configurations, insulation type and thickness, window glazings. Active systems, 
including heating, cooling, ventilation are not focused on in the research, but lighting, 
photovoltaics, and battery storage is included in the study. Typically in optimization 
studies, assumptions and averages are used for building type, local construction practices 
and costs, and weather conditions. Accuracy is sacrificed due to lack of available and 
reliable information or in order to produce broad results. In this study, a calibrated model 
is used as a reference house in order to ascertain real-world study parameters. What this 
study gains in accuracy, it loses in broad applicability. However, it is important that the 
baseline model is developed from audited data of households conducted in The Bahamas 
such that the intent of applying the learned knowledge in the thesis has real world 
applicability. With regards to the assumptions in the averaging of the load profiles, since 
the study is intended for policy makers, this approach allows for the investigation of the 
housing market as a whole and not any one specific home. Furthermore, the particular 
data set of homes was used in the development of the baseline model because it was the 
only detailed and reliable dataset from The Bahamas. In addition, some structures of the 
home such as overhangs, doors, shading devices have been simplified in the developed 




retrofits. The life cycle cost analysis performed in this study is not a Life Cycle Analysis 
(LCA). LCA takes into account operational and embodied energy of a building and its 
materials from extraction to disposal, and usually associated with total carbon emissions. 
This study is limited to operational energy of the building and carbon emissions related to 
grid emissions.  
3.2 Multi-objective Optimization Model 
The methodology presented here builds on that in the relevant literature where a multi-
objective optimization method is used in building performance assessment. Here the 
method is applied to residential building designs in the Bahamas using a genetic 
algorithm for the optimization. The genetic algorithm has been shown to be very effective 
in building energy optimization studies, and is the most common search algorithm used in 
these types of studies [82]. 
3.2.1 Non-dominated Sorting Genetic Algorithm 
The genetic algorithm (GA) has been widely used to optimize building energy systems 
from constructional details of the envelope to optimizing control systems in buildings. 
Machairas et al. have reviewed the use of GAs in building designs [96]. A robust 
algorithm is needed especially for building energy design as the solution space is 
typically large with many variables and multiple objectives. The optimization tool 
jEPlus+EA is an optimization platform based on the elitist non-dominated sorting genetic 
algorithm (NSGA-II). The NSGA-II algorithm is recognized as one of the most efficient 
multi-objective evolutionary algorithms [97]. The NSGA-II initializes a randomized 
population-based on the solution space and constraints and organizes them into fronts 




is to its neighbor called the crowding distance value is assigned. A larger value indicates 
a greater degree of diversity. The individuals are selected using a binary tournament with 
a crowded comparison operator. Once crossover and mutation are completed, the parents 
and children are combined to create the next generation [98]. Based on the literature [99], 
and in order to meet a tradeoff within the available computational power, the 
initialization parameters are chosen as shown in Table 2.  







Population Size 24 
Duplication No 
Max Generations 100 
Tournament selector 2 
 
3.2.2 Objective Functions and Constraints 
In the context of optimization, an objective function is an expression to be minimized or 
maximized subject to some constraints. This study focuses on economic performance, 
carbon emissions, and thermal comfort. These performances are evaluated by the 
objective functions and constraints, where: life cycle cost and carbon emissions are the 
objective functions, and the Percentage of Persons Dissatisfied (PPD) is a constraint. 
EnergyPlus calculates the values of these objectives and constraints used in the 
optimization algorithm. The selection of the objective functions is based on the current 
energy policy of The Bahamas where carbon emission reduction at reasonable costs is of 




costs is chosen as an objective. The environmental concerns will be addressed by 
minimizing carbon emissions from the energy usage of the household and from the grid. 
This takes into account avoided emissions from using electricity generated from 
renewable energy sources instead of using electricity from the grid. Two alternatives to 
energy are presented. Electricity from renewable resources (PV) and electricity from 
fossil fuels (diesel), i.e., energy from the grid. The need for thermal comfort is not 
addressed in the energy policy, but there are standards for indoor thermal comfort. Three 
main standards address thermal comfort; ASHRAE-55, EN1525, and ISO773. Thermal 
comfort is affected by 6 factors where two of those factors are usually controllable: 
temperature, air velocity, humidity, radiant temperature, clothing type, activity level. 
Although the standards recommend that acceptability does not fall below 85% (EN1525, 
ISO773) or 80% (ASHRAE) [PPD < 15% PPD < 20% respectively], but they do state 
requirements for indoor temperatures and humidity. Temperature ranges should fall 
between 19°C and 29°C and the humidity ratio between 30% and 80%. These two 
conditions are paramount to acceptability. Therefore the need for comfort requirements as 
a constraint would be to meet requirements set by energy rating systems such as LEED.  
3.2.2.1 Life Cycle Costs 
Life-cycle cost analysis (LCCA) is a metric for evaluating the cost of a project, including 
costs associated with ownership, operation, maintenance, and disposal. LCCA is suitable 
for assessing building design options to achieve a design objective (environmental 
standards, energy standards, etc.). Different design alternatives have differing investment 
costs, maintenance needs, replacement schedules, and lifetimes. LCCA can be applied to 




recurring operating costs. In general, the life cycle cost is the cash flow sum of the net 
present values for a given alternative. The net present value (NPV) here is the sum of the 
present value of cash outflows and inflows over the life of the building, as follows: 




𝑡=0       (2) 
where N is the number of periods, i discount rate, t is the time period of the occurring 
cost, and Rt is the net cash flow, i.e. cash outflow minus cash inflow at a given time 
period t. 
3.2.2.2 Building Energy Consumption 
The first objective takes into consideration the total energy consumption of the building, 
which is the sum of all electrical energy consumption of the systems in the building for 
one year, as follows:  
∑ 𝑇𝑜𝑡𝑎𝑙 𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 =  𝐸𝑙𝑒𝑐𝐻𝑉𝐴𝐶 +  𝐸𝑙𝑒𝑐𝑊𝑎𝑡𝑒𝑟 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 +
 𝐸𝑙𝑒𝑐𝐿𝑖𝑔ℎ𝑡𝑖𝑛𝑔 +  𝐸𝑙𝑒𝑐𝑃𝑙𝑢𝑔 𝐿𝑜𝑎𝑑𝑠      (3)  
Where Elec represents the total electricity used by the systems including heating, cooling, 
water heating, lighting, appliances, and equipment.   
3.2.2.3 Carbon Emissions 
Carbon emissions are determined on the level of source energy use, implementing a 
national grid emission factor converted to carbon emissions which take into account the 
upstream primary energy usage for the related carbon emissions. Electricity generated by 
the use of renewables is considered to shift towards carbon neutrality and offsets the 




associated with the building, the primary energy usage is determined and a grid emissions 
factor is then used, as follows: 
𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = (𝐸𝑔𝑟𝑖𝑑 − 𝐸𝑝𝑟𝑜𝑑) ∗ 𝑇&𝐷 ∗ 𝐺𝐸𝐹    (3) 
where the electricity used by the home drawn from the grid is 𝐸𝑔𝑟𝑖𝑑 and the electricity 
produced by the integrated PV system is 𝐸𝑝𝑟𝑜𝑑, the transmission and distribution losses 
factor associated with the grid is 𝑇&𝐷 and the grid emission factor is 𝐺𝐸𝐹. The emission 
factor used in this study is 0.238 tCO2/MWh [100]. 
3.2.2.4 Thermal Comfort 
Thermal comfort can be described as the state of mind in which the occupant expresses 
satisfaction with the thermal environment. People spend most of their time indoors, so it 
is important for a building to provide occupants with a comfortable shelter from the 
outdoor environment. The complexity of this subject gives rise to various methods to 
assess thermal comfort such as the Fanger thermal comfort model, the Pierce two-node 
model, the KSU two-node model, and the Adaptive model based on the EU EN15251-
2007 standard. This study treats thermal comfort as a constraint in all of the optimizations 
and employs the commonly used Fanger thermal comfort model [101].  
The Fanger model was developed using thermal sensation votes on the scale to create a 
metric called the predicted mean vote (PMV) as follows: 




where M is the metabolic rate per unit area (W/m2), H is the internal heat production rate 
of an occupant per area (W/m2), and L is all modes of energy loss from the body (W/m2). 
The percentage of people dissatisfied (PPD) can be calculated from the PMV as follows: 
𝑃𝑃𝐷 = 100 −  95𝑒[−(0.03353𝑃𝑀𝑉
4−0.2179𝑃𝑀𝑉2)]      (5) 
Theoretically, the value for PPD does not go below 5%, implying that 100% of the 
people cannot be satisfied which is seen in Figure 1. [101] 
 
3.2.3 Optimization Scenarios 
The research is divided into 4 optimization scenarios in order to address the thesis 
objectives. This section explains the focus of each scenario including the optimization 
objectives.   




3.2.3.1 Optimization of a Residential Building Envelope 
In this optimization scenario, no renewable energy system is used, and the design 
variables are limited to the building envelope features. Two objectives are used in this 
scenario which is NPV and building energy consumption. 
3.2.3.2 Optimization of Grid Connected PV Integrated Building 
In this optimization scenario, a grid connected PV system is optimized along with the 
building envelope features. The two objectives that pertain to this scenario are NPV and 
carbon emissions. It is assumed that electricity can be sold to the grid with a constant 
feed-in tariff rate of 0.15 $/kWh in order to mimic a net billing policy framework that 
The Bahamas has used in a pilot study [21]. 
3.2.3.3 Optimization of Grid Connected PV and Battery Storage Integrated building 
In this optimization scenario, a grid connected PV system along with battery storage is 
optimized along with the building envelope features. The two objectives that pertain to 
this scenario are NPV and carbon emissions. It is assumed that electricity can be sold to 
the grid with a constant feed-in tariff rate is of 0.15 $/kWh in order to mimic a net billing 
policy framework that The Bahamas has used in a pilot study [21]. 
3.2.3.4 Effect of Feed-In Tariffs on Whole Building Optimization 
In this optimization scenario, a grid connected PV system is optimized along with the 
building envelope features. The two objectives that pertain to this scenario are NPV and 
carbon emissions. However, this scenario performs five optimization scenarios that 





Chapter 4: Description of Simulation Environment and 
Simulation Models 
4.1 Energy Simulation and Optimization Software 
In order to achieve the objectives of this study the software that were used for the 
simulation and optimization environment are EnergyPlus and jEPlus+EA. Both software 
are free allowing for easy reproduction of the research presented here. EnergyPlus has 
been widely used in research and industry and has been validated for accuracy in building 
modelling from simple to complex designs [102]–[111]. Since EnergyPlus does not have 
the capabilities for optimization, another software is needed to perform the optimization. 
jEPlus+EA provides the optimization platform that couples with EnergyPlus for the 
optimization and has also been used in multiple studies and also validated for its accuracy 
[82], [85]–[87], [93], [97], [112], [113]. These features provide the necessary capabilities 
for this optimization study.   
4.1.1 EnergyPlus 
EnergyPlus is a whole building energy simulation program developed by the U.S. 
Department of Energy to model energy consumption for heating, cooling, ventilation, 
lighting, plug loads, process loads, and water use in buildings. It is a stand-alone platform 
using text-based input and output files. It has inherited its capabilities and features from 
the legacy programs BLAST and DOE-2 [37]. The user provides a description of the 
building’s physical makeup, mechanical systems, additional processes, and systems, then 
it calculates the loads necessary to maintain conditions specified in the user’s description. 




an .idf and .imf input files which define the necessary input parameters for building 
simulation. These parameters are separated into “object classes” that represents the 
different input parameters. An example would be the “materials” object class where the 
user can define the physical properties of a material as discussed in later section. Initially, 
this system can be difficult to understand but with familiarity, a building model can be 
described in extreme detail. A description of the input files and important coding 
techniques can be seen in Appendix A.  
4.1.2 jEPlus+EA 
jEPlus+EA is open source software developed by Zhang [114] for the purpose of 
coupling with the building simulation software called EnergyPlus. It provides the basis 
for this optimization. jEPlus+EA provides its own integrated communication protocol 
that allows the exchange of variables from EnergyPlus and calculates the results of the 
objective function to be processed in the optimization [115]. Both software have been 
widely used as optimization tools, and their capabilities are sufficient for use in energy 
modeling and multi-objective optimization problems [96].  
jEplus+EA as mentioned earlier provides the platform to which the optimization is 
carried out and EnergyPlus is the energy simulation tool. There are three fundamental 
forms of simulation based optimization systems: external, internal, and hybrid simulation. 
In an external type, an interface uses a translator to communicate between the simulation 
program and the optimizer. An internal simulation interacts with the optimizer without 
the use of a translator. The hybrid system uses both internal and external communication 
protocols between the simulator and optimizer. This is used when multiple programs with 




protocol that imports and exports EnergyPlus’ input and output files without a separate 
external interface. The optimization environment requires a closed integration and 
synchronization between three components: the energy simulator, the optimization 
program, and the input/output files. Each serves a unique and essential purpose in this 
simulation environment. The energy simulator calculates the objective functions based on 
the user defined inputs and parameter configurations. The number of parameters and 
types of variables can vary. The limitations to the type of objective functions depend on 
the energy simulator by the ability to generate outputs required to solve the objective 
function. The optimization program processes the energy simulation outputs to optimize 
the objective functions. The input files contain all of the information required to calculate 
the outputs for the objective function for each simulation. The output files contain the 
results of the simulations to be included in the optimization or post processing. A 
description of the input files can be seen in Appendix A. 
4.2 Climate Data 
Since there are no complete and accurate climatic data sets for The Bahamas, the dataset 
used in this study is for Key West, Florida U.S., a location in close proximity to The 
Bahamas and with a similar climate. This dataset is chosen because of the close 
proximity of Key West (24.55° N and 81.78° W) to The Bahamas (25.06° N and 77.33° 
W). The variation in the amount of solar radiation incident on the earth in a day is 
negligible with respect to longitude between these sites. The latitude change is less than 1 
degree and thus is considered negligible in this analysis. The close proximity leads to 
both locations having similar climatic conditions. Factors that affect the amount of solar 




locations over an extended period of time.  The data represent a typical meteorological 
year from the site location (Key West International Airport) and is compiled in the 
EnergyPlus weather file (.epw) format [116]. The climatic file is derived from climate 
data compiled by the National Renewable Energy Laboratory. Similar climate data were 
used as a substitute in a previous study [90]. The solar irradiance along with the wet and 
dry bulb temperatures from this dataset are shown in Figures 2-4. 
 







Figure 3:Yearly profile for direct and diffuse irradiance [116] 




4.3 Model Design Variables 
4.3.1 Description of Variables 
Design variables are the parameters that change during optimization when minimizing 
the objective functions. In the real world, a multitude of parameters can be selected and 
studied. To include all would demand a substantial amount of computational resources 
and time. In order to reduce the solution space and overall simulation times, the 
parameters are chosen that reflect the main building characteristics of building in the 
Bahamas. In this paper, a total of 12 parameters are able to be changed, as presented in 
Table 2. All variables used are discrete to manage the solution space.  
The material properties are taken from the ASHRAE material properties database [117]. 
Likewise, material cost values are taken from RSMeans construction cost databases 
[118], [119] that provide cost estimates of materials and building constructions typically 
in the US. The detailed material properties and costs are listed in Tables 3-7.  
Table 3: List of optimization parameters and descriptions 
Parameter Description Variables 
 1 Exterior wall construction Standard wall, insulated concrete form (ICF) with 
expanded polystyrene (EPS) insulation, ICF with 
extruded polystyrene (XPS) insulation, concrete 
masonry unit integral insulation (CMUitg) using 
vermiculite Insulation, CMUitg using perlite 
insulation CMU exterior insulation (CMUext), 
CMU interior insulation (CMUint) 
2 Exterior and interior wall 
insulation type 
EPS, mineral fiber, perlite 
3 Window glazing type Single clear, single low-e (low emissivity), double 
clear air, double clear gas, double low-e air, double 
low-e gas, triple clear air, triple low-e gas, triple 
low-e air 
4 Roof construction type Standard roof, insulated roof, reflective roof, 












Cost ($/m2) Thickness (m) 
Concrete 2.150 900 146.50 0.2032 




0.720 920 127.90 0.2032 
Gypsum board   8.18 0.0127 
Wood 0.160 1880 15.29 0.0127 
Plywood 0.167 1880 20.02 0.0190 
Shingles 0.072 1470 17.44 0.0090 
 











0.0260 1470 330.34 
Expanded 
polystyrene 
0.0355 1470 195.05 
CMU with perlite 0.3000 920 215.06 
5 Roof insulation  Glass fiber, mineral wool, XPS, cellular foam, EPS 
6 Wall insulation thickness 
(m) 
0.01 to 0.3, step size of 0.01 
7 Roof insulation thickness 
(m) 
0.01 to 0.6, step size of 0.01 
8 Lighting type  Incandescent, compact fluorescent (CFL), light 
emitting diode (LED) 
9  PV area fraction 0 to 1, step size of 0.5 
10 PV tilt (degrees) 15 to 30, step size of 0.5 
11 PV azimuth (degrees) 0 to 315, step size of 45 






0.2200 920 215.06 
Mineral fiber 0.0360 840  
 











0.0260 1470 394.35 
Expanded 
polystyrene 
0.0355 1470 195.05 
Mineral wool 0.0360 840 91.52 
Glass fiber 0.0430 840 168.78 
Cellular foam 0.0565 1340 377.79 
 
 









Single clear 5.7 0.82 0.88 35.00 
Single low-e 3.8 0.62 0.67 220.00 
Double clear 
air 
2.9 0.72 0.79 353.07 
Double clear 
gas 
2.8 0.72 0.79 365.50 
Double low-e 
air 
1.5 0.53 0.56 384.85 
Double low-e 
gas 
1.3 0.72 0.79 395.63 
Triple clear air 1.8 0.73 0.7 529.62 
Triple low-e 
air 
1.3 0.57 0.55 603.95 
Triple low-e 
gas 





4.4 Renewable Energy System 
The following sections provide details on the renewable energy system that is used in this 
study and the feed-in tariff structures. They describe the modelling of PV and the battery 
storage system, and the energy management strategy. They also provide cost information 
on the renewable energy system.  
4.4.1 Photovoltaics and Battery System Model 
The proposed system configuration used here features DC generation and storage using 
an inverter converting to AC. The building’s energy management strategy involves 
supplying electricity where the PV and battery storage system have priority. When the 
requested power cannot be fully supplied by this system, additional electricity is supplied 
by the grid. When electricity generation is greater than the demand of the building, the 
battery is charged and the excess is sent to the grid. The topology of the proposed system 
is shown in Figure 5. 
 
 




4.4.1.1 Photovoltaics  
EnergyPlus determines the electrical energy production of the PV system using a 
modified Duffie and Beckman equation [120], in which the electricity generated by the 
PV system is expressed as follows: 
𝑃 = 𝐴𝑠𝑢𝑟𝑓 ∗ 𝑓𝑎𝑐𝑡𝑖𝑣𝑒 ∗ 𝐺𝑇 ∗ 𝜂𝑐𝑒𝑙𝑙 ∗ 𝜂𝑖𝑛       (6) 
where 𝑃 is the electrical power produced by the PV array (in watts), 𝐴𝑠𝑢𝑟𝑓 is the net area 
of the surface on which the array is located, 𝑓𝑎𝑐𝑡𝑖𝑣𝑒 is the fraction of the surface area that 
is occupied by the array, 𝐺𝑇 is the total solar radiation incident on the array, 𝜂𝑐𝑒𝑙𝑙 is the 
module conversion efficiency, and 𝜂𝑖𝑛 is the inverter efficiency. In the optimization 
method, 𝑓𝑎𝑐𝑡𝑖𝑣𝑒 is optimized and EnergyPlus calculates 𝐺𝑇 for each time step. The total 
available surface area is 100 m2 and is based on the available rooftop space. The PV cell 
efficiency is assumed to be 15% [121] and the inverter efficiency varies depending on the 
amount of requested power of the building from the PV system. A NREL report 
benchmarked the installed price of solar photovoltaic (PV) systems in the first quarter of 
2015 to be approximately $3.09 per watt [122] and $2.93 per watt in Q1 of 2016 [123]. 
The 2015 data is used in this study as it is a high end estimation, and prices would likely 
be more expensive in The Bahamas, so that value is very conversative. Taking into 
consideration the import tax of 10% and value added tax of 7% for The Bahamas, the 
installed cost of solar PV is assumed to be $4.00/W. 
4.4.1.2 Modeling of Battery Storage 
The battery storage model in EnergyPlus that is used here is based on the Kinetic Battery 




setup for a residential PV system and used in the literature for modelling of PV coupled 
with battery storage [34], [124]. The change in battery capacity is given in increments of 
10 Ah, which corresponds to an incremental change in energy capacity of 480 Wh. 
Originally developed in 1993 by Manwell and McGowan, the Kinetic Battery Model was 
created to be used in time series performance models for hybrid energy systems [125]. 
The model is referred to as kinetic because it is based on a chemical kinetics process that 
stimulates the battery charging and discharging behavior. The Kinetic Battery Model 
assumes the battery charge is utilized over two tanks, the available-charge tank, and a 
bound-charge tank. The tank for available charges acts as an electron supplier directly to 
the load, while the tank for chemically bound charges only supplies electrons to the 
available-charge tank. The difference between these tanks or the rate of flow is 
represented by k. The fraction of the total charge that is in the available tank is 
represented by c. The change in charge in both tanks is represented by differential 




 = −𝑙 + 𝑘(ℎ2 − ℎ1)
𝑑𝑦2
𝑑𝑡
=         −𝑘(ℎ2 − ℎ1)
        (7) 
For the initial conditions, 𝑦1(0) = 𝐶 ∗ 𝑐, 𝑦2 (0) = 𝐶 ∗ (1 − 𝑐) where C is the total 
battery capacity, while ℎ1 = 𝑦1/𝑐 , ℎ2 = 𝑦2/(1 − 𝑐), and l is the load. 
The KiBaM models the battery as a voltage source in series with a resistance. This 
terminal voltage is given by: 




where E is the internal voltage, I is the current and R0 is the internal resistance. The 
internal voltage is expressed by: 
𝐸 =  𝐸0 + 𝐴𝑋 +
𝐶𝑋
𝐷−𝑋
         (9) 
where E0 is the internal voltage of a fully charged battery, A is the initial linear variation 
of the internal voltage with a charge state, C and D are regression constants that represent 
the voltage change with progressive battery charge, and X is the normalized charge of the 
battery. 
4.5 Feed-In Tariff Framework 
In this study, net billing and net metering are assessed concerning feed-in tariff policies 
which The Bahamas can adopt and are represented by five different optimization schemes 
used in the Feed-in Tariff assessment. In the other optimization scenarios, net billing is 
assumed and the feed in tariff rate is constant at 0.15$/kWh [21]. The definitions of net 
billing and net metering used here are as follows [53]: 
Net metering – The cost of energy that is exported to the grid is the same as the cost of 
energy that is imported from the grid, yielding, in essence, a 1:1 ratio of cost. 
Net Billing – The cost value of energy that is exported to the grid is different (usually 
lower) than the cost at which energy is imported from the grid.  
The first of the five schemes captures the current economic environment where 
homeowners are unable to sell electricity to the grid, effectively providing no monetary 




of electricity that is sold to the grid at 0 $/kWh. It is assumed that electricity can still be 
exported to the grid, which would have an effect on fossil fuel usage at the source.  
The next three schemes (i.e., second, third, and fourth schemes) are based on net billing 
at some return costs and has been tested already in The Bahamas in a pilot study where 
electricity can be sold to the grid at a reduced cost compared to purchasing electricity 
from the grid [21]. Officially, there are no pricing schemes that have been adopted in The 
Bahamas and in order to account for this, a range of prices are considered between no 
selling and net metering in order to investigate a wide range of uncertainty in potential 
pricing scenarios. Three prices relative to the electricity that represents approximately 
25%, 50%, and 75% (0.07 $/kWh, 0.15$/kWh, and 0.22 $/kWh respectively) of the 
current purchased electricity costs are used in the optimization. The selection of prices 
were made to cover the wide range of potential rates. 
Lastly, a net metering scheme is used that represents the electricity that is sent to the grid. 
In this scheme, electricity is sold back to the grid at a cost that is equal to the price at 
which electricity is purchased from the grid, i.e., 0.34 $/kWh [90].This mimics the net 
metering process, which reverses the amount of metered electricity from the grid. 
4.6 Description and Design of Baseline Case Energy Simulation Model 
A model home that represents a typical household in The Bahamas is used in this 
optimization study. The baseline model building characteristics were developed and 
calibrated based on energy audits of residential households outlining typical building 
designs and energy consumption patterns in a report prepared for The Bahamas’ Ministry 




includes yearly load profiles of 12 residential homes. Additionally, Table 8 provides a 
description of typical building characteristics of residential buildings in The Bahamas 
that are used in the baseline model development. In the optimization study, the baseline is 
one possible solution in the total solution space. Table 9 shows how the baseline case is 
related to the optimization parameters. Figure 6 shows the load profiles for audited homes 
adapted from a report [127]. For generality, the average load profile of the audited homes 
was used to evaluate the accuracy of the baseline model, as shown in Figure 7. This 
average load profile provides a general estimate of what the expected load profile is for a 
group of homes.  
 









Usually made of 
concrete brick (8-12 
inches thick) and 
uninsulated. Outer wall 




About 90% of households use 
electricity for heating hot water. 
Roof 
Naturally ventilated attic 
space under the roof is 
uninhabited and 
reserved for installation 
purposes only. Upper 
Lighting 
Incandescent bulbs dominate the 





ceiling is uninsulated, 
but some luxury homes 
use insulation. Roof 
color ranges from light 
colored to black. Roof 
pitches are typically 
around 15 degrees. 
Windows 
Many windows have 
hurricane shutters and 
are therefore operable. 
Few buildings have 
eaves, which typically 
range from 2 to 4 ft. 
long. Some luxury 




Liquid propane gas and electricity are 
normally used for cooking where it is 
split 50:50 across the community. 
Vertical axis washing machines are 
most common. Homes contain typical 
electronics, TV’s, computers, 
microwaves, etc. 
Foundation 
No basement or 




Renewable energy is not used 
Cooling 
A hot climate where 
cooling is necessary. 
Luxury homes have a 
larger indoor area that is 
cooled whereas normal 




area conditioned. Other 
homes use natural 




Table 9: Optimization parameters for baseline home 
 
 
Parameter Description Variable 
1 Exterior wall construction Standard wall 
2 Exterior and interior wall insulation type None 
3 Window glazing type Single clear 
4 Roof construction type Standard roof 
5 Roof insulation  None 
6 Wall insulation thickness (m) - 
7 Roof insulation thickness (m) - 
8 Lighting type  Incandescent 
9 PV area fraction 0 
10 PV tilt (degrees) - 
11 PV azimuth (degrees) - 








Figure 7: Monthly average annual electricity consumption of 12 audited households in 
The Bahamas (average load profile) 





The baseline case was modeled using a floor plan provided by the Department of 
Housing, a sector of the Bahamian government [128]. The design of the home is Model 
885 (A) shown in Figure 8. The floorplan is a representation of the typical geometry of 
buildings in The Bahamas. It is worth emphasizing that the floorplan does not represent 
any one specific home, but rather contains the characteristic features of the typical 
building designs in The Bahamas.  It consists of a single floor, three-bedroom and two-
bathroom style house with a floor area of 109 m2. The simulated home for the purposes 
of this study has a floor area of 97 m2. The typical household occupancy in The Bahamas 
is 3.4 persons and a typical living area of about 37 m2 per inhabitant [127]. Therefore, the 
chosen floor plan provides about 32 m2 per inhabitant. This model of the building uses 
space conditioning for the total living area year round and does not take into account 




















Chapter 5: Results and Discussion 
The results and discussion section is divided into three main components: the verification 
of the methodology used in this study; the validation of the baseline building model 
developed from audited data, and the results of the optimization scenarios.  
5.1 Validation and Verification 
In order to ensure that the results produced in the optimization study is accurate, three 
components need to be tested that cover the optimization code, accuracy of the 
optimization framework, and accuracy of the baseline building model. Although 
EnergyPlus and jEPlus+EA have been validated for use in simulation and optimization 
studies presented earlier [102]–[111], [114], it was still deemed necessary to validate the 
method using both software, in order to address this unique problem. The verification of 
the optimization code is determined by putting the optimization framework through 
simple trials that have clear solutions to ensure that the expected results are obtained. 
Further verification was performed by replicating a portion of an optimization study from 
literature that used a different method. This section provides the results of these three 
tests.  Finally, the calibrated baseline home is validated with the audited household data 
from The Bahamas and a measure of accuracy is determined using statistical forecasting 
analysis. 
5.1.1 Verification of Optimization Method 
Figure 9 shows both the dominated solutions along with the optimal solution after 13 
generations on the same graph. The goal is to show both the effect of the set points on 




excludes the cooling, i.e. the air conditioning does not run, thus lowering both the 
lifecycle costs and the building’s overall electricity consumption.  
 
 
Figure 10 illustrates the trend that thermal comfort generally increases with the increased 
usage of cooling for the building. However, with too much cooling, thermal discomfort 
increases signifying that there is an optimal range where cooling provides the “best” 
thermal comfort. 
Figure 9: Effect of the cooling set point temperature on the cooling electricity use showing 















Figure 11shows a sharp decline in PPD as the cooling set point increases. After 
approximately 40°C (Fig. 9), cooling energy consumption falls to 0 effectively “turning 











5.1.1.1 Unconstrained Low Electricity Costs Wide Set points: HSP (1-22°C) CSP (22-
100°C) 
In this test case, the economic cost of electricity has been reduced while keeping the other 
factors the same. The trends stay the same as in the previous test, but more optimal 
solutions were found; this can be observed in Figures 12-14.  
 
 
Figure 12: Effect of the cooling set point temperature on the cooling electricity use 













Figure 14: Effect of cooling set point on thermal discomfort showing dominated and 
optimal solutions 
 
5.1.1.2 Constrained Low Electricity Costs Wide Set points: HSP (1-22°C) CSP (22-
100°C) PPD < 20% 
In order to observe the effect of constraining the optimization, this test used PPD < 20% 
as a constraint while keeping the other parameters the same as in the second test. Overall, 
the trends remain unchanged, but we see that by using the thermal comfort constraint, the 
optimal solutions found now fall within the 20% range.  
In Figure 15, all of the optimal solutions have a cooling set point of 26.5 degrees. The 




the other parameters. Figure 16 shows how PPD changes with the cooling set point. The 
optimal solutions chosen are at the upper limit of the constraint range. In Figure 17, it is 
seen that generally, the increase in cooling comfort reduces thermal comfort up to a 
certain point with increased cooling having a negative effect. This also suggests that there 
is an optimal range for cooling to achieve the desired thermal comfort levels. 
 
Figure 15: Effect of the cooling set point temperature on the cooling electricity use 













Figure 17: Effect of cooling set point on thermal discomfort showing dominated and 
optimal solutions 
 
In the unconstrained test cases, the optimal solutions found did not consume any cooling 
electricity as expected aiding in verification of the optimization setup. Additionally, when 
using a constraint, solutions found were within the specified range as anticipated.  
5.1.2 Validation of Optimization Procedure 
In order to validate the results of this study, a simple optimization case was performed 
based on optimizing insulation thickness using the proposed optimization method and 




investigated and a review of some of them was assessed in [129]. The review indicates 
that the optimal insulation thickness was determined by finding the insulation thickness 
with the lowest life cycle cost; i.e. a single objective that minimizes the NPV. Table 10 
shows the studies that have been reviewed and their results on the optimal cost insulation 
thicknesses. The studies used a life cycle costing method (LCC) or P1–P2 method (life 
cycle savings) for cost analysis. 
Table 10: Summary results of studies related to optimization of thermal insulation 




Opt. insulation thickness Insulation material Fuel 
Yu et 
al.[130] 










They vary between 0.032 and 
0.038 m for CDHs and 


















0.032-0.138 m depending on 
fuel types (for rock wool) 
0.076-0.259 m depending on 









LCC 0.175 m Expanded polystyrene Electricity 
 
For the validation, a portion of the results from ref. [130] was replicated. This study 
provides an organized method for replication and the cost optimal insulation thickness 
portion is of interest for validation. The optimum insulation thickness of EPS for the city 




the north orientation will be replicated along with the EPS insulation type. Ref. [130] 
reports an optimal insulation thickness of 0.17 m for the north orientation.   
The method used here to find the optimal insulation thickness uses a single objective 
optimization, which is different from ref. [130] using a genetic algorithm and simulation 
tools. The optimization objective was to minimize the NPV. Weather data for Shanghai 
was used in the optimization. The material properties and economic parameters for 
costing were taken from ref. [130] and then applied to the developed building geometry 
model with all other parameters besides wall type and insulation thickness being identical 
to the base case. Table 11 shows the applied economic parameters from ref. [130] that 
was used and Table 12 shows the thermal material properties of the EPS insulation used 
in that study.  
Table 11: Economic parameters for cost analysis [130] 
Parameter Value 
Electricity cost 0.086 $/kWh 
Interest rate 1% 
Discount rate 5% 







Table 12: Thermal properties of EPS [130] 
Insulation 
material 









25 0.05 1380 41.0 
 
The wall construction type used assumed insulation on the external side of the thermal 
mass, as the wall configuration was not specified in the paper.  
The optimization run selected a value of 0.175m as the optimal insulation thickness as 
shown in Figure 18. Compared to the solution reported in ref. [130], this value is 
consistent within 3%. This value also is consistent with typical values for optimal 
insulation thicknesses for EPS insulation types reported in the literature as shown in 






The optimization method used in the present study produced an optimized wall thickness 
that is consistent with the value reported in ref. [130]. The optimized value also falls 
within the range of values reported in the literature as shown in Table 13. 
Figure 18: Net present value of life cycle cost analysis showing cost optimal insulation 




5.1.3 Building Model Validation 
The simulation was run for a period of 1 year with a time step of 15 minutes. The heating 
and cooling set points were set at 22°C and 25°C, respectively. The electricity 
consumption results of the simulation are presented in Figure 19. The results of the 
simulation that corresponds to the objectives of the optimization study are shown in 
Table 8.  
 
 





Objective Simulated value 
Building energy consumption (kWh) 20,200 
Net present value ($) 198,000 
































Figure 19: Simulation results for monthly electricity consumption of the baseline model 




The results of the simulation are compared to the average energy consumption of the 
audited homes. Figure 20 shows the load profiles of the baseline simulation and the 
average load profile of the audited homes. To evaluate the accuracy of the simulation 
results, standard forecasting statistical metrics are used. Table 14 shows the analysis of 
the comparison. The simulated baseline case overestimates the audited values on average 
by 8%.  
The error in the baseline simulation arose from a few areas. The first is the average of the 
audited homes contain both homes that use natural ventilation, partial cooling, and fully 
cooled homes while the simulated model used only full cooling. Secondly, the occupancy 
behavior in this study is from ASHRAE and not the measured behavior in The Bahamas. 
In addition, the floorplan used here is not identical to any of the households measured and 
this can affect the specific energy consumption values. However, the reduction in 
building energy consumption seen in this study due to the improvements in the building’s 





design, when applied to other homes, would provide similar relative building energy 
consumption reductions 
 Table 14: Statistical analysis for the comparison of monthly energy consumption for the 
audited average of 12 homes and baseline simulation results 
Parameter Value 
Mean average difference (kWh) 49.3 
Root mean square error (kWh) 168 
Mean average percentage error (%) 8 
 
5.2 Optimization Scenarios 
This section presents the results of the optimization studies described in chapter 3. The 
results show descriptions of key optimal solutions that provide insight for the study. The 
example input code that was used in the optimization can be seen in Appendices B-G 
input code for the full list of optimal solutions and their selected parameters can be seen 
in Appendix H.  
5.2.1 Optimization of Residential Building Envelope 
The Pareto front of the investigated case study is shown in Figure 21. From the set of 
trade-off solutions, the desired design can be selected depending on the interests of the 
stakeholder. Within the optimal solutions, the change in energy consumption is roughly 
250 kWh/yr while the change in NPV is roughly $18,000. The small reduction in energy 




energy conservation between the optimal solutions is not feasible. In this study, three 
optimal solutions are investigated including: 
1. The minimal cost solution (Solution A) 
2. The minimal energy consumption solution (Solution B) 
3. The solution which provides the larger present value energy savings among the 




Figures 22 and 23 show the wall and roof construction details of the Pareto solutions. The 
wall types that are prevalent throughout are interior insulated walls (CMUint) and 
insulated concrete forms (ICF). The R-values for the wall types range from 5.3-12.7. In 




the case of the roof construction type, an insulated roof is prevalent over the other design 
parameters. The R-values for the roof vary between 10.4 and 21.7. With the increase in 
R-value of the wall and roof assembly, the overall energy consumption decreases. In both 
the wall and roof construction, the amount of energy savings potential between the 
minimal and maximum energy saving solutions is relatively small, indicating that 
increasing R-values beyond these ranges may not be cost effective in this type of climate. 
However, insulation should still be used, and the optimal solutions suggest lower levels 
of insulation in the walls and moderate levels in the roof to achieve the most benefit. 
There is a large reduction in energy consumption compared to the baseline around 7,500 
kWh/year or a reduction of 39% shown in Tables 15 and 16. It also should be noted that 
the wall and roof assembly R-values are similar to the ASHRAE 90.2 recommended 
values for residential buildings in climate zone 1 [134]. All the optimal solutions prefer a 
double glazed window using a low e coating. It provides the most cost effective solution 
for energy use reduction. LED lighting is also preferred to the other lighting types. 
Compared to the baseline case, there are notable changes to the building envelope design 












Figure 23: Wall construction details of optimal solutions detailing wall insulation type 
and trend in R-value of optimal solutions 
Figure 22: Roof construction details of optimal solutions detailing roof insulation type and 




Table 15: Reduction in of objective function values compared to the baseline cases for 
minimal solutions of NPV and building energy consumption 
Solution Reduction in NPV (%) 
Reduction in building energy consumption 
(%) 
A 18.5 37.8 
B 10.6 39.1 
 
Table 16: Comparison of design variables and objective values of Solutions A and B to 
the baseline 
 
To determine Solution C, the change in present value of the energy consumption between 
solutions is compared to the change in net present value between solutions. This 
determines if the increase in NPV is feasible for the reduction in energy savings. For 
example, Solution A has an increase in NPV of $1000 compared to Solution B while 
having a present value of energy costs savings of $1500. Solution A is considered 
“better” because it provides a larger present value reduction in energy costs than an 
Description Baseline Solution A Solution B 
Exterior wall construction Standard wall CMUint ICF 
Exterior and interior wall insulation type None Mineral 
Fiber 
XPS 








Roof insulation  None Mineral 
wool 
XPS 
Wall insulation thickness (m) - 0.17 0.17 (per 
layer) 
Roof insulation thickness (m) - 0.36 0.56 
Lighting type  Incandescent LED LED 
NPV ($) 198,000 161,000 177,000 
Building energy consumption (kWh/yr) 20,200 12,500 12,300 




increase in net present value. In this analysis, the “best” tradeoff solution (solution C) is 
the lowest NPV solution, which is the same as Solution A. The comparison to the 
baseline is shown in Table 17. The comparison of the monthly energy consumption 
between the baseline and Solution C is shown in Figure 24.  
 
Table 17: Comparison of solution C to baseline 
Parameter Baseline value Solution C 
Difference 
(%) 




20,200 12,500 -37.8 








224 0 -100 
Carbon emissions 
(tCO2/yr) 







5.2.2 Optimization of PV Integrated Building 
The Pareto front of the investigated case study is shown in Figure 25. From the set of 
trade-off solutions, the desired design can be selected depending on the interests of the 
stakeholder. Within the optimal solutions, the change in energy consumption is roughly 
120 tCO2/yr while the change in NPV is roughly $18,000. The small reduction in carbon 
emissions for the large increase in price between the optimal solutions implies that it is 
not feasible to reduce the emissions further than the cost optimal, especially without any 
incentives. Figure 26 illustrates that the minimum NPV solution is the most feasible 
solution between the optimal solutions. The change in initial costs and net present value 
costs of the optimal solutions to the baseline case are compared. When the sum of this 
change in NPV and change in initial costs are compared, negative values indicate that the 


































provide a larger NPV reduction than an increase in initial costs over the baseline solution 
where the minimal NPV solution provides the largest reduction. In this study, the 
minimal NPV and minimum carbon emissions solutions shown in Figure 25 are 
compared to the baseline case.  
In the analysis of the set of all the feasible solutions, carbon neutrality can be achieved 
with the use of a minimum of 5.5 kW of installed PV, and net-zero energy can be 
achieved using a minimum of 9 kW of installed PV. All of the optimal solutions 
presented here are both carbon negative (Figure 27 A) and net positive energy (Figure 27 
B). Since all of the optimal solutions are net positive energy and carbon negative, it is an 
indication that going beyond net zero energy and carbon neutrality are more cost 
effective over the operational life than the standard building designs at current electricity 
prices. All optimal solutions have an installed PV capacity ranging between 14-14.5 kW 
with the tilt ranging between 23.5 and 25 degrees and south orientation. The orientation 
and tilt coincide with best practices of PV installation where the orientation should be 
south in the northern hemisphere and the tilt should be equal to the latitude of the site 
location for ideal yearly performance. The yearly electrical energy generation profile can 








(A)                                                  (B) 
Increasing NPV 
Minimum NPV 
Minimum Carbon Emissions 
Figure 25: Pareto front of PV optimization study 
Figure 26: Optimal solutions showing net positive energy compared to the objectives: 





With regards to the building envelope, significant changes are seen in the optimal cases 
compared to the baseline. The ICF wall type is dominant using both EPS and XPS 
insulation with wall R-Values ranging between 3 and 19.5. The insulated roof type is also 
dominant using either mineral wool or XPS insulation with R-values ranging between 5.5 
and 21. Double glazed windows with a low-emissivity coating are used in all the optimal 
solutions. Overall, all the optimal solutions suggest increasing the thermal levels in the 
envelope. The detailed comparison showing the design choices and objective values 
between the baseline, the minimum NPV solution, and the minimum carbon emissions 
solution are shown in Table 18, where the net energy ratio is the ratio of energy produced 
by the PV system to energy consumed by the building. Although the optimal solutions 
are net positive on a yearly scale, electricity is still drawn from the grid when the PV 
system is not supplying electricity. Energy storage may help improve this, and it should 
be considered in a future study. However, the reduction in energy drawn from the grid is 
  (A)          (B) 
Figure 27: Optimal solutions showing net positive energy compared to the objectives: NPV vs 




noticeable. It reduces the overall load on the grid while supplying “clean” electricity from 
the surplus energy generation. Figure 29 shows an example of this using a typical 
summer day from a simulation of the minimum NPV solution. It illustrates the interaction 
of electricity between the building, grid, and generated electrical energy. During the 
hours when electricity is generated, it completely supplies the demand of the household 
as well as sell surplus electricity to the grid. The peak excess electricity is almost 4 times 
as much as the demand, and energy storage may provide benefit for the hours when solar 
power is unavailable. Figure 30 shows the net electrical power to and from the grid over 
the simulation period, where the trend is seen to be consistent throughout the year. Over 
this period, the surplus electricity generated by the PV system that is sent to the grid 
exceeds that taken from the grid. This creates a carbon negative interaction between the 
building and the grid. Likewise, the “clean” energy that is sent to the grid can be used 
instead of producing more electricity from fossil fuels, in turn reducing the load from 
power plants.  
The baseline solution’s NPV, yearly carbon emissions, building energy consumption and 
electricity coming from the grid are $217,000, 5670 tCO2/yr, 20,200 kWh/yr, and 20,200 
kWh/yr respectively. The minimum NPV solution’s NPV, yearly carbon emissions, 
yearly building energy consumption, and electricity coming from the grid are $128,000, -
5220 tCO2/yr, 15,300 kWh/yr, and 8,000 kWh/yr respectively. The minimum carbon 
emission solution’s NPV, yearly carbon emissions, and building energy consumption are 
$146,000, -5100 tCO2/yr, 14,500 kWh/yr, and 8,400 kWh/yr respectively. By 
comparison, of the optimal solutions to the baseline, they have a reduction in the NPV of 




they are carbon negative having a carbon credit between 89-92% with respect to the 
baseline emissions from the surplus of generated PV electricity sent to the grid. The 
reduction in electricity drawn from the grid is between 58-60%.  
 
Table 18: Optimal solution comparison to baseline case study 





Standard wall ICF ICF 
Exterior and interior wall 
insulation type 
None EPS XPS 
Window glazing type Single clear Double low-e air Double low-e air 
Roof construction type Standard roof Insulated roof Insulated roof 
Roof insulation  None Mineral wool XPS 
Wall insulation thickness 
(m) 
- 0.05 (per layer) 0.25 (per layer) 
Roof insulation thickness 
(m) 






Lighting type  Incandescent LED LED 
Installed PV (kW) - 14.5 14.5 
PV tilt - 24.5 24.5 
PV azimuth - 180 (south) 180 (south) 
NPV ($) 217,000 128,000 146,000 
Carbon emissions 
(tCO2/yr) 
5670 -5220 -5100 
PPD (%) 12.4 16.9 15.7 
Building energy 
consumption (kWh/yr) 
20,200 15,300 14,500 
Net energy ratio 0 1.74 1.83 
Electricity coming from 
the grid (kWh/yr) 









Figure 28: Annual electricity produced from PV system 
Figure 29: Electrical energy demand levels between the building and grid for 





5.2.3 Optimization of PV and Battery Storage 
The Pareto front of the investigated case study is shown in Figure 31. From the set of 
trade-off solutions, the preferred design is selected based on the interests of the designer. 
Within the optimal solutions, the change in carbon emissions is roughly 1200 tCO2/yr 
while the change in NPV is roughly $30,000. In Figure 32, all optimal solutions include 
PV; however, most solutions prefer using battery storage along with PV rather than just 
PV alone. Further, in Figure 33 the change in both the initial costs and net present value 
of the optimal solutions to the baseline case are compared, and it can be seen that some 
solutions that use battery storage have lower initial costs. When the sum of this change in 
NPV and change in initial costs are negative, this indicates that the increase in initial 
costs is lower than the decrease in NPV and vice versa. The minimum NPV solution 
provides the greatest reduction in life cycle costs and reduction in initial costs (largest 
negative value), as seen in Figure 34. However, most solutions provide a larger NPV 
reduction than an increase in initial costs over the baseline solution providing profit for 
the increase in initial costs. In Figure 35 with increased battery capacity, the net site 
energy increases while the carbon emissions decrease. This might be due to the cost 
Figure 30: Net electrical power to and from the grid over the simulation period for the 




tradeoffs for increasing battery capacity to reduce emissions rather than reducing the 
energy consumption by the building. This indicates that it is more effective to use the 
stored electricity from the PV system rather than reduce electrical usage in order to 
reduce carbon emissions. In this study, the minimal NPV and minimum carbon emissions 












Minimum Carbon emissions 
















Figure 32: Optimized solutions showing the use of battery storage 


















Figure 34: Profit margin of optimal solutions 
Figure 35: Optimal solutions showing net positive energy compared to the objectives: 




In the analysis of the set of all the feasible solutions, all of the optimal solutions 
presented here are both carbon negative and net positive energy as seen in Figure 36. The 
negative values in the net site energy indicate more energy generation than consumption, 
and the negative carbon emissions indicate the offset of carbon emission by the surplus of 
electricity that is sent to the grid. As a result, it is an indication that going beyond net zero 
energy and carbon neutrality are more cost effective over the operational life than the 
standard building designs at current electricity prices. All optimal solutions have an 
installed PV capacities ranging between 14-14.5 kW with the tilt ranging between 21 and 
27 degrees and south orientation. The orientation and tilt coincide with best practices of 
PV installation where the orientation should be south in the northern hemisphere and the 
tilt should be similar to the latitude of the site location for ideal yearly performance [135], 
[136]. As mentioned earlier, the optimal solutions predominantly incorporate battery 
storage. The range of battery capacities range between 0-390 Ah which corresponds to 
energy capacities between 0 kWh and 18.7 kWh at 48 V. The distribution of battery 
capacity is shown in Figure 15.  
 





In the analysis of the building envelope, significant design changes are seen in the 
optimal solutions compared to the baseline. In Figure 37, the CMUint wall type is 
dominant using mineral fiber insulation with wall R-values ranging between 5 and 8. The 
most solutions use R-values ranging between 6 and 7. In addition, the insulated roof type 
is dominant using mineral wool insulation with R-values ranging between 6 and 24, but it 
can be seen that most of the solutions consistently use R-values between 6 and 10. Figure 
37 shows histograms of the wall and roof construction, insulation thicknesses and R-
values. The optimal R-values for the wall and roof are similar to the R-values that 
ASHRAE recommends for this type of climate [134]. The windows also see an increase 
in thermal effectiveness with double glazed windows with a low-emissivity coating, 
which are used in all the optimal solutions. All the optimal solutions conclusively suggest 
that an increase in thermal levels of the envelope should be implemented.  





The detailed comparison showing the design choices and objective values between the 
baseline, the minimum NPV solution, and the minimum carbon emissions solution are 
shown in Table 19. Note that the net energy ratio is the ratio of energy produced by the 
PV system to energy consumed by the building. Although the optimal solutions are net 
positive on a yearly scale and most incorporate storage, electricity is still drawn from the 
grid. Since the largest battery capacity of 400 Ah is not contained in any of the optimal 
solutions, it seems as though larger battery capacities are no longer optimal and further 
studies are necessary. However, the reduction in the energy drawn from the grid is 
noticeable as shown in Figure 38. The battery reduces the overall load on the grid while 
supplying “clean” electricity from the stored surplus energy generation from PV. Figure 
16 shows an example of the effect of using battery storage by present a typical summer 
day load and grid interaction profiles from a simulation of the minimum carbon 
emissions solution. It illustrates the interaction of electricity between the building, grid, 
and PV with the battery storage system. This particular example uses an 18.7 kWh 
battery capacity. During the hours when electricity is generated, PV completely supplies 
the energy demand of the household, charges the battery, as well as sell surplus electricity 
to the grid. The generated peak electricity is almost six times as much as the demand. The 
battery provides further benefit for the hours when solar power is unavailable supplying 
electricity for approximately 7-8 hours. This example shows the potential of a system like 







Table 19: Optimal solutions comparison to baseline case study 





Exterior wall construction Standard 
wall 
CMUint CMUint 


















Wall insulation thickness (m) - 0.18 0.28 
Roof insulation thickness (m) - 0.21 0.42 
Lighting type  Incandescent LED LED 
Installed PV (kW) - 14.5 14.5 









Battery capacity (Ah) - 0 390 
NPV ($) 217,000 126,000 156,000 
Carbon emission (tCO2/yr) 5670 -5120 -6300 
PPD (%) 12.4 16.1 16.5 
Building energy consumption (kWh/yr) 20,200 15,000 14,200 
Net energy ratio 0 1.77 1.82 






The NPV of the baseline solution, yearly carbon emissions, building energy consumption 
and electricity coming from the grid are $217,000, 5670 tCO2/yr, 20,200 kWh/yr, and 
20,200 kWh/yr, respectively. The NPV of the minimum NPV solution, yearly carbon 
emissions, yearly building energy consumption, and electricity coming from the grid are 
$126,000, -5120 tCO2/yr, 15,000 kWh/yr, and 8,300 kWh/yr, respectively. The NPV of 
the minimum carbon emission solution, yearly carbon emissions and building energy 
consumption are $156,000, -6300 tCO2/yr, 14,200 kWh/yr, and 3,400 kWh/yr, 
respectively. Comparing the optimal solutions to the baseline, there is a reduction in the 
NPV by 28-42%. The reduction in building energy consumption is between 25 and 30%. 
Additionally, they are carbon negative with a carbon credit between 90 and 110% with 
respect to the baseline emissions from the surplus generated PV electricity sent to the 
grid. Furthermore, the reduction in electricity drawn from the grid is between 58 and 
83%.  
Figure 38: Typical summer day load profiles for the building demand, grid interaction, 




5.2.4 Effect of Feed-In Tariffs on Whole Building Optimization  
The Pareto front of the different optimization schemes using the variously defined feed-in 
tariffs is shown in Figure 39. As the cost of electricity sold to the grid increases, the NPV 
of the optimized solutions decreases. This is an indication that the selling rate has a large 
effect on the feasibility of the design solutions. In the case of carbon emissions, there are 
negligible changes in the total amount of emissions between the optimization schemes 
due to electricity selling rates, particularly for costs between 0.07 and 0.34 $/kWh. In all 
cases, they are all carbon negative with the overall change staying roughly constant, i.e., 
the difference between the maximum and minimum carbon emission values. When 
comparing the objective value of the maximum and minimum NPV solutions, it is 
observed that the differences increase, as indicated by the increase in the slopes of the 
Pareto fronts as electricity rates increase. This result is an indication that when the 
electricity rate is 0.07 – 0.34 $/kWh, the optimal solutions have little design variation and 
the rate of electricity cost does not largely affect the optimal building designs; although 
the designs become more feasible. In the case when the electricity selling rate is 0 $/kWh 
(which is representative of no policy implementation), there is a larger variation in the 
objective values, which suggests a variation in the design solutions. Thus it can be 
determined that for electricity costs of 0 – 0.07 $/kWh, design solutions move from a 
state where they vary notably to a state of little variation. Figure 40 further supports this 
claim, showing box plots of the objective values of the different optimization schemes. 
The 0 $/kWh electricity selling rate set of optimal solutions has a larger distribution in 
NPV and carbon emissions relative to other electricity rates, and the distribution stays 







Figure 40: Pareto optimal solutions for the various feed-in tariff rates 
Figure 39: Variation in NPV and carbon emissions for various feed-in tariff rates: (A) 




Figures 41 and 42 consider the distribution of the building envelope properties more 
closely, especially the wall and roof R-Values for the different optimization solution sets. 
In Figure 41, the wall R-Values have very small variations within the optimal solution 
sets, as well as the combination of all optimal solution sets. The box plots also show that 
optimal wall R-values range between 5 and 8 when all rates are considered. Effectively, 
the tariff rate has little influence on wall R-values since the optimal R-values stay 
consistent for any electricity selling rate. In Figure 42, the roof R-values have a larger 
distribution but the variations are still relatively small. Note that the average roof R-
values exhibit an increasing trend as the rate of electricity sold increases, suggesting a 
higher thermal effectiveness in the roof, and become more advantageous as the selling 
rate increases. When all optimization schemes are considered, the roof R-values range 
between 7 and 10. For both the optimal wall and roof, the R-values are similar to those 











Figure 41: Variation in wall R-values for (A) various feed-in tariff rates, (B) all optimized 
solutions 





In the analysis of the PV and battery system, between 0.07 – 0.34 $/kWh electricity 
selling rate the optimal PV installation capacity (14 kW) does not change. However, PV 
capacity has significant variation at 0 $/kWh electricity selling rate, as can be seen in the 
histogram in Figure 43. At this rate, the optimal solutions all implement PV with the 
smallest capacity being 5.4 kW. This result shows that even without a net metering or net 
billing policy in place, the integration of PV even at small sizes is more feasible than 








In all of the optimization schemes, the battery capacity exhibits significant variations, as 
can be seen in the histograms of Figure 44. At the 0 $/kWh electricity selling rate (Figure 
44 A), the solutions indicate that smaller battery capacities are not optimal, but larger 
battery capacities, between 380 and 400 Ah, are optimal, but less than 15% of the optimal 
solutions use these capacities. As the electricity selling rate increases, medium and 
smaller battery capacity sizes become optimal and the increase in the distribution of 
optimal solutions with battery storage is apparent from Figure 44 B-E. However, the use 
of no battery storage appears in the optimal solutions of higher electricity selling rates, 
although at a much lower frequency seen in Figure 44 F, i.e., between 6.5 and 12.1% in 
the 0.07-0.34 $/kWh electricity selling rate solutions. These results clearly indicate that 















Figure 44: Histograms of battery capacities for various feed-in tariff rates: (A) 0 $/kWh, (B) 0.07 $/kWh, (C) 0.15 $/kWh, (D) 0.22 




In Figure 45 the relative changes in the baseline case is presented for each tariff scheme. 
All solutions provide a lower NPVs and lower carbon emissions than the baseline, which 
is indicated by the negative values. The minimum and maximum objective solutions 
(minimum and maximum NPV and minimum and maximum carbon emissions solutions) 
are used for the comparison since they represent the two extremes. The effect that the 
different tariffs have on these objective values show that the NPV decreases as the rate 
increases for both the minimum and maximum value objective solutions. In the case of 
carbon emissions, the maximum reduction in carbon emissions are not greatly affected by 
the change in the selling rate of electricity. However the minimum reduction in carbon 
emissions do show a decline between 0 – 0.15 $/kWh electricity selling rate, but upon 
further increase in the selling rate, the reduction in emissions remain consistent. This 
implies that the carbon emissions converge to a range and optimal design solutions 






Figure 45: Change in optimal solutions maximum and minimum objective values when 
compared the baseline: (A) Change in NPV for various feed-in rates, (B) Change in carbon 
emissions for various feed-in rates 





Chapter 6: Conclusions and Recommendations 
This thesis conducted several optimization scenarios that explore building designs, on-
grid PV systems, battery storage, and various feed-in tariff policies while using audited 
data conducted in The Bahamas to model a typical residential building. In addition, this 
research implemented a multi-objective optimization method through the use of energy 
simulation and optimization tools, EnergyPlus and jEPlus+EA. This section summarizes 
the results of the study and describes the implications of this research. In addition 
recommendations for improving the study and future work is addressed.  
6.1 Summary of Results 
The contribution in improving the building envelope designs by increasing the thermal 
effectiveness where the R-values for the wall range from 5.3-12.7 and in the roof the R-
values for the roof range between 10.4 and 21.7. The results shows that this approach is 
more cost effective, where the reduction in life cycle costs ranges between 10.6-18.5%, 
and energy conservative, where the reduction in yearly building energy consumption 
ranges between 37.8-39.1%, over current standards. In addition, the results revealed that 
the incorporation of low to moderate amounts of insulation provides a noticeable 
reduction in energy consumption while maintaining thermal comfort.  
When optimizing the building envelope features and the on-grid PV system the results 
indicated that, for the current economic conditions, net positive and carbon negative 
buildings are feasible. The optimal solutions for this scenario have a reduction in the 
NPV of 27-36% and carbon credit between 89-92%. Additionally, the optimal designs are 
more energy conservative and reduce the building energy consumption on an annual basis 




capacity of 14 kW and an insulated thermal envelope using thicker insulation on the roof 
than in the walls.  
When optimizing the envelope, PV and battery storage system under the described 
circumstances, net positive energy, and carbon negative buildings can be practical 
providing lower life cycle costs and carbon emissions when compared to the baseline 
case. The reduction in NPV, yearly energy consumption, and carbon credit are 42-28%, 
25-30%, and 90-100%, respectively. Energy storage in the form of electricity using 
batteries are feasible with ranging capacities of 0-18.7 kWh. This facilitates a reduction 
in energy drawn from the grid between 58 and 83%. Improvement in the building 
envelope is recommended by increasing thermal effectiveness using insulation in the 
walls and roof along with window façade improvements. 
When assessing the effect of feed-in tariff rates on optimized solutions, in general, it is 
found that net billing and net metering policies have a small to moderate impact on 
building envelope changes and a larger impact on renewable energy integration, 
especially the amount of battery storage. When electricity selling rates are at 0.07 – 0.34 
$/kWh, the building envelope R-values and the amount of installed PV stays relatively 
consistent, with little variations in the optimal solutions. In particular, the wall and roof 
R-values vary mostly between 5-8 and 7-10. This is an indication that the electricity 
selling rate has little correlation with the building envelope design. In the case of PV, at 
lower selling rates, especially at 0 $/kWh, there is a large variation in the PV capacity 
sizes, ranging from 5.4 to 14 kW. Interestingly, for this case, all solutions implement PV, 
which means that without any policy changes the implementation of PV is optimal. For 




amount of PV is implemented, i.e., 14 kW. With regards to battery storage, the results 
show a small variation when electricity selling rate is 0 $/kWh where the optimal 
solutions use either no battery storage or larger battery capacities. In all of the other 
selling rates (0.07 – 0.34 $/kWh), there is a wide variation in the implementation of 
battery capacity sizes, which demonstrates that smaller and medium sized batteries 
become more feasible as the cost of selling electricity increases. 
The results demonstrate that there is a large difference in the variation of building designs 
when the electricity selling rate is 0 $/kWh and little design variation when the rates are 
between 0.07-0.34 $/kWh. A key transition occurs between the 0 $/kWh and 0.07 $/kWh 
rates and should be studied more in depth. Nonetheless, it is seen that there is a design 
rate where building design solutions begin to show little variation.  
6.2 Conclusions 
Throughout the world, the problem of man-made climate change poses serious threats, 
especially in SIDS where there is an existential threat due to rising sea levels. The 
compounding issue of the heavy reliance on fossil fuels in these countries and 
energetically inefficient building designs exacerbates not only the climate change issues, 
it places SIDS in an economically disadvantage state. Many of these countries have great 
potential for reform by improving building designs and incorporating renewable energy 
systems to take advantage of their plentiful renewable energy resources. This study, to 
the author’s knowledge, is the first to focus on optimizing residential building designs in 
The Bahamas, and generally in SIDS.  
 It is evident from the results that the improvement in the building envelope and the 




improving energy conservation, reducing carbon emissions, and reducing the reliance on 
fossil fuels for the grid. This provides two-fold benefits for both current policy makers 
and homeowners. Policy makers can take into consideration the influence of 
implementing building envelope improvements in retrofits and new buildings by using 
feasible design solutions that reduce energy consumption when improving current 
standards. Additionally, home owners can reduce yearly electricity usage which reduces 
energy bills while maintaining the comfort level of the home. Furthermore, by 
incorporating renewable energy, the results indicate that a substantial reduction in carbon 
emissions is possible, contributing to mitigating climate change and consequently 
reducing the threat of sea level rise. The results show that there is a clear need for policy 
makers to take into consideration the design alternatives presented here which indicates 
that these design features (thermal insulation, PV, battery storage, window glazings) can 
be practically incorporated with noticeable benefits that can achieve net zero and carbon 
negative status. Overall, a significant reduction in energy consumption is feasible for the 
Bahamas and possibly other SIDS with high electricity costs. Beyond reducing energy 
use, this can help to reduce the dependence on fossil fuels. By reducing this dependence 
on fossil fuels, and diversifying energy production, the energy security of the country is 
enhanced with the incorporation of PV and battery storage in residential buildings. 
Moreover, there are policy implications from this study for The Bahamas. Under the 
economic parameters described, even without net billing and net metering homeowners 
should implement PV at the residential scale. However, the implementation of such 
policies by policymakers would best reinforce this result while increasing the feasibility 




policy makers in making informed decisions that achieve the energy policy goals in the 
country and helps to fill the gap in the literature on residential buildings in small island 
developing states.  
6.3 Recommendations  
In order to improve the accuracy and generality of the current research, the following are 
some recommendations. Increase the number of homes that were audited to provide a 
larger sample size to better calibrate the baseline building model. Incorporate energy 
management strategies in the optimization such as smart thermostats or daylighting 
controls. Include embodied energy of materials in calculation of carbon emissions. Use a 
more detailed model of the PV system and battery storage. Include solar water heating in 
optimization analysis. Use material cost data directly from the Bahamian market. 
Incorporate more passive and active energy measures to increase the scope of possible 
building designs.  
In the study, it was seen that small improvements to the thermal envelope significantly 
reduced energy consumption. It is recommended to create building energy standards so 
new buildings should meet these measures. In addition, incentives for retrofit of existing 
buildings should be taken into consideration, as current buildings are largely inefficient in 
energy usage. The incorporation an energy rating system in order to measure the energy 
efficiency of buildings is recommended.  
Since electricity prices are high, feed-in tariff rates do not need to be high to pass on 
benefits to the consumer, but to increase the penetration of PV and battery storage higher 
feed-in tariff rates are suggested. The implementation of such policies by policymakers 




Moreover, even without net billing and net metering policies, homeowners should 
implement PV at the residential scale.  
Future research that can build on this thesis is to apply the methodology to commercial 
analysis such as hotels, warehouses, and office buildings. Further, the incorporation of 
additional energy resources such as wind power tidal energy, and various energy storage 
techniques such as fuel cells or thermal energy storage could provide useful insights into 
the dynamics of optimal designs. Studies that use other SIDS as case studies is highly 
recommended in order to tailor building designs to the country as well as understand the 
differences between SIDS as well. It would also be interesting to study the incorporation 
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This appendix gives a brief overview of the development of the simulation files used in 
this study, and a description of some of the more important files that are used for the 
input of the simulation. 
EnergyPlus Simulation Files  
EnergyPlus 
The development of the input file for energy plus is text based and follows set code 
blocks called the “object classes” that are defined in the input data dictionary. For 
example, in order to specify a material property, a code block with specific information is 
created. In the case of material properties, the lines must contain information in the 
specific order as shown in Figure A. 
 




Essentially all the code blocks are structured in this manner, whereas multiple code 
blocks are needed to model more complex systems. Continuing with the materials 
example, a wall construction code block would call multiple material property code 
blocks in order to create the multiple layers of a wall construction. The full EnergyPlus 
.imf input codes can be seen in the Appendix B.  
The main input files that are important in creating an EnergyPlus simulation are the input 
data file (.idf) and the input macro file (.imf).  The difference between them is that the 
.imf file contains macro code that is run by the EP-Macro sub program that processes that 
macro code within. This optimization study uses the .imf file as the main input file that 
contains the macro code that allows for variables to be changed and more complex sub 
routines. 
In order to define variables that are able to change in EnergyPlus, the internal macro code 
must be used. If a layer in the wall construction type can change during the optimization, 
it should be replaced with “@@thevariablename@@”. To perform more complex 
operations in EnergyPlus, the combination Macros and the internal EnergyPlus Runtime 
Language are used. In the case of changing the insulation layers of the wall construction 
type during the optimization, the macro code necessary to create the parameter is “##set1 
insulation @@Insulation@@”. This parameter can then be substituted for a layer in the 
wall construction type with the code “Insulation []”. This method is the same when 
defining the other variables.  
In order to include external files or modules that may contain other code into the main 
.imf file, the “##fileprefix” must be used along with the location of the file folder on the 




statements such as the ##if and ##elseif statements can be used to adjust the code to the 
needs of the user. The module codes are shown in the Appendix D-F.  
jEPlus+EA  
jEplus+EA uses a parametric tool jEPlus to communicate with the input files of 
EnergyPlus replacing the “@@thevariablename@@” code with specific values during 
each simulation run. The parametric tool creates a parameter tree that creates the 
definition of parameters that can be varied in the optimization shown in the figure. The 
simulation job chooses one parameter from each tree to create a string of input to replace 
the “@@thevariablename@@” code. Each path would represent a design solution that is 
indexed using integer coding that is used by the optimization tool. This integer coding 
allows for the possibility of multi-objective optimization and discrete variables. 
jEplus+EA creates random populations of integer coded design solutions or 
chromosomes that are passed through the parametric tool into EnergyPlus. Then the 
outputs from EnergyPlus is passed into the optimization tool for analysis to create the 
next generation and continues until the termination criterion is met. This process is shown 











Optimization Simulation Files 
The main optimization is called the .rvx file which extracts data from the EnergyPlus 
SQL output file that contains the results from a particular simulation. This file also 
contains any post output calculations, definitions of jEPlus+EA output variables, 
objective function definitions, and constraints. The .rvx file used in this study is shown in 
Appendix F.  
 
 




Appendix B: jEplus+EA optimization parameters 
 
##################################################################### 
# GA engine settings file 
###################################################################### 
 
 # Default GA settings 
 
  GAengine.PMutation = 0.4 
  GAengine.PCrossover =1.9 
  # Percent of population to be updated in each generation.   
  # This parameter is ignored if elitism is used 
  GAengine.PPopReplace = 0.95 
  GAengine.PopSize = 10 
  GAengine.MaxPops = 200 
 
 # More GA settings 
 
  # Population allows duplicated individuals or not 
  GAengine.PopAllowDuplication = false 
 
  # Choice of population initialization methods, from: 
    # 0 - Default (create a random population) 
    # 1 - Reserved 
    # 2 - Reserved 
    # 3 - N/A 
    # 4 - N/A 
    # 5 - N/A 
  GAengine.PopInitialization = 0 
 
  # Snapshot file name of the seeds population 
  GAengine.PopSeedsFN = PopSeeds.rec 
 
  # Assign the seeds population to the generation number 
  GAengine.StartGenerationNumber = 0 
 
  # Preferred Population ranking: 
  # 0 - No ranking 
  # 1 - OVLRanking from Zyyz 
  # 2 - SORanking from J. Wright and R. Famani 
  # 3 - Stochastic ranking from Yao 
  # 4 - Deb's? 
  # 5 - Powell and Skolnick's 
  # 6 - (** not in use **)SORanking with sharing 
  # 7 - (** not in use **)Stochastic ranking with sharing 





  # Option for Population ranking method. Depends on the choice of ranking method, the  
 option represents: 
  # 0 - Not defined 
  # 1 - Prominence of feasible solutions [0, 1.0] (The proportion of feasible solutions that  
 the best infeasible solution ranks behind) 
  # 2 - Not defined 
  # 3 - Probability for bubbling on objective only [0, 0.5) 
  # 4 - Not defined 
  # 5 - Not defined 
  GAengine.PopRankingOption = 0.1 
 
  # Choice of selection option, from: 
  # 0 - Roulette Wheel selector 
  # 1 - Uniform Random selector 
  # 2 - 1/2 Tournament selector 
  # 3 - 1/3 Tournament selector 
  # 4 - 1/4 Tournament selector 
  GAengine.PreferredSelector = 2 
 
  # Choice of termination criteria for evolution, from: 
  # 0 - Number of generations 
  # 1 - N/A 
  # 2 - N/A 
  # 3 - N/A 
  # 4 - N/A 
  GAengine.PreferredTerminator = 0 
 
 # Output and Log Files 
 
  GAengine.OutputFolder = E:\Simulation Results\Results 1 
  GAengine.WriteLogFile = false 
  GAengine.LogFileName = GAcore.log 
  GAengine.SaveSnapShots = true 
  GAengine.SnapShotsGap = 1 
  GAengine.SaveProgress = false 
  GAengine.ProgressFile = GA_Progress.sco 
  GAengine.SaveFamilyStat = false 
  GAengine.FamilyStatDumpDir = dump 
  GAengine.SaveOpStat = false 
  GAengine.OpStatFile = OpStat.sco 
  GAengine.SavePopStat = false 
  GAengine.PopStatFile = GA_PopStat.sta 
  GAengine.SaveEliteList = false 
  GAengine.EliteListFile = EliteList.sco 




Appendix C: Main input macro file 
!-Generator IDFEditor 1.48 
!-Option SortedOrder 
 
##set1 exwall @@exwall@@ 
##set1 CMUfilled @@CMUfilled@@ 
##set1 CMUfilled_cost @@CMUfilled_cost@@ 
##set1 Insulation @@Insulation@@ 
##set1 Insulation_cost @@Insulation_cost@@ 
##set1 Glaz @@Glaz@@ 
##set1 Roofing @@Roofing@@ 
##set1 Roof_insulation @@Roof_insulation@@ 
##set1 Roof_insulation_cost @@Roof_insulation_cost@@ 
##set1 wallinsthick @@wallinsthick@@ 
##set1 roofinsthick @@roofinsthick@@ 
##set1 Glaz_cost @@Glaz_cost@@ 
##set1 lighting @@lighting@@ 
##set1 lighting_cost @@lighting_cost@@ 
##set1 HSP @@HSP@@ 
##set1 CSP @@CSP@@ 
##set1 PVfraction @@PVfraction@@ 
##set1 tilt @@tilt@@ 
##set1 Batterycap @@Batterycap@@ 
##set1 PVmodule @@PVmodule@@ 
##set1 Azimuth @@Azimuth@@ 
 







##include roof construction.idf 
##include Roof Insulation.idf 
##include Roof Materials.idf 
##include schedules.idf 
##include Wall constructions.idf 
##include Wall Insulation.idf 
##include WaterHeaterDHWPlantLoop.idf 
##include window glazings.idf 
##include Utilitycharges.idf 
##include electrical equipment.idf 
 






    8.5.0;                   !- Version Identifier 
 
!-   ===========  ALL OBJECTS IN CLASS: SIMULATIONCONTROL =========== 
! 
!Do Zone Sizing Calculation 
!Do System Sizing Calculation 
!Do Plant Sizing Calculation 
!Run Simulation for Sizing Periods 
!Run Simulation for Weather File Run Periods 
SimulationControl, 
    Yes,                     !- Do Zone Sizing Calculation 
    Yes,                     !- Do System Sizing Calculation 
    Yes,                     !- Do Plant Sizing Calculation 
    No,                      !- Run Simulation for Sizing Periods 
    Yes;                     !- Run Simulation for Weather File Run Periods 
 
!-   ===========  ALL OBJECTS IN CLASS: BUILDING =========== 
 





!Loads Convergence Tolerance Value 
!Temperature Convergence Tolerance Value 
!Solar Distribution 
!Maximum Number of Warmup Days 
Building, 
    Building,                !- Name 
    0.0,                         !- North Axis {deg} 
    City,                       !- Terrain 
    0.04,                       !- Loads Convergence Tolerance Value 
    0.2,                         !- Temperature Convergence Tolerance Value {deltaC} 
    FullExterior,           !- Solar Distribution 
    25,                          !- Maximum Number of Warmup Days 
    ;                              !- Minimum Number of Warmup Days 
 


















    DOE-2;                   !- Algorithm 
 
 





    ConductionTransferFunction;  !- Algorithm 
 
 
!-   ===========  ALL OBJECTS IN CLASS: TIMESTEP =========== 
 
! 
!Number of Timesteps per Hour 
Timestep, 
    4;                       !- Number of Timesteps per Hour 
 
 





!Day of Month 
!Day Type 
!Maximum Dry-Bulb Temperature 
!Daily Dry-Bulb Temperature Range 
!Dry-Bulb Temperature Range Modifier Type 
!Dry-Bulb Temperature Range Modifier Day Schedule Name 
!Humidity Condition Type 
!Wetbulb or DewPoint at Maximum Dry-Bulb 
!Humidity Condition Day Schedule Name 
!Humidity Ratio at Maximum Dry-Bulb 
!Enthalpy at Maximum Dry-Bulb  !will require units transition. 










!Solar Model Indicator 
!Beam Solar Day Schedule Name 
!Diffuse Solar Day Schedule Name 
!ASHRAE Clear Sky Optical Depth for Beam Irradiance (taub) 
!ASHRAE Clear Sky Optical Depth for Diffuse Irradiance (taud) 
SizingPeriod:DesignDay, 
    Key West Intl Arpt Ann Clg .4% Condns DB=>MWB,  !- Name 
    8,                       !- Month 
    21,                      !- Day of Month 
    SummerDesignDay,         !- Day Type 
    32.5,                    !- Maximum Dry-Bulb Temperature {C} 
    5.1,                     !- Daily Dry-Bulb Temperature Range {deltaC} 
    DefaultMultipliers,      !- Dry-Bulb Temperature Range Modifier Type 
    ,                        !- Dry-Bulb Temperature Range Modifier Day Schedule Name 
    Wetbulb,                 !- Humidity Condition Type 
    26.2,                    !- Wetbulb or DewPoint at Maximum Dry-Bulb {C} 
    ,                        !- Humidity Condition Day Schedule Name 
    ,                        !- Humidity Ratio at Maximum Dry-Bulb {kgWater/kgDryAir} 
    ,                        !- Enthalpy at Maximum Dry-Bulb {J/kg} 
    ,                        !- Daily Wet-Bulb Temperature Range {deltaC} 
    101313.,                 !- Barometric Pressure {Pa} 
    4,                       !- Wind Speed {m/s} 
    150,                     !- Wind Direction {deg} 
    No,                      !- Rain Indicator 
    No,                      !- Snow Indicator 
    No,                      !- Daylight Saving Time Indicator 
    ASHRAETau,               !- Solar Model Indicator 
    ,                        !- Beam Solar Day Schedule Name 
    ,                        !- Diffuse Solar Day Schedule Name 
    0.461,                   !- ASHRAE Clear Sky Optical Depth for Beam Irradiance (taub) {dimensionless} 





!Day of Month 
!Day Type 
!Maximum Dry-Bulb Temperature 
!Daily Dry-Bulb Temperature Range 
!Dry-Bulb Temperature Range Modifier Type 
!Dry-Bulb Temperature Range Modifier Day Schedule Name 
!Humidity Condition Type 
!Wetbulb or DewPoint at Maximum Dry-Bulb 
!Humidity Condition Day Schedule Name 
!Humidity Ratio at Maximum Dry-Bulb 
!Enthalpy at Maximum Dry-Bulb  !will require units transition. 









!Daylight Saving Time Indicator 
!Solar Model Indicator 
!Beam Solar Day Schedule Name 
!Diffuse Solar Day Schedule Name 
!ASHRAE Clear Sky Optical Depth for Beam Irradiance (taub) 
!ASHRAE Clear Sky Optical Depth for Diffuse Irradiance (taud) 
!Sky Clearness 
SizingPeriod:DesignDay, 
    Key West Intl Arpt Ann Htg 99.6% Condns DB,  !- Name 
    1,                       !- Month 
    21,                      !- Day of Month 
    WinterDesignDay,         !- Day Type 
    12.7,                    !- Maximum Dry-Bulb Temperature {C} 
    0.0,                     !- Daily Dry-Bulb Temperature Range {deltaC} 
    DefaultMultipliers,      !- Dry-Bulb Temperature Range Modifier Type 
    ,                        !- Dry-Bulb Temperature Range Modifier Day Schedule Name 
    Wetbulb,                 !- Humidity Condition Type 
    12.7,                    !- Wetbulb or DewPoint at Maximum Dry-Bulb {C} 
    ,                        !- Humidity Condition Day Schedule Name 
    ,                        !- Humidity Ratio at Maximum Dry-Bulb {kgWater/kgDryAir} 
    ,                        !- Enthalpy at Maximum Dry-Bulb {J/kg} 
    ,                        !- Daily Wet-Bulb Temperature Range {deltaC} 
    101313.,                 !- Barometric Pressure {Pa} 
    4.6,                     !- Wind Speed {m/s} 
    20,                      !- Wind Direction {deg} 
    No,                      !- Rain Indicator 
    No,                      !- Snow Indicator 
    No,                      !- Daylight Saving Time Indicator 
    ASHRAEClearSky,          !- Solar Model Indicator 
    ,                        !- Beam Solar Day Schedule Name 
    ,                        !- Diffuse Solar Day Schedule Name 
    ,                        !- ASHRAE Clear Sky Optical Depth for Beam Irradiance (taub) {dimensionless} 
    ,                        !- ASHRAE Clear Sky Optical Depth for Diffuse Irradiance (taud) {dimensionless} 
    0.00;                    !- Sky Clearness 
 





!Begin Day of Month 
!End Month 
!End Day of Month 




!Use Weather File Holidays and Special Days 
!Use Weather File Daylight Saving Period 
!Apply Weekend Holiday Rule 
!Use Weather File Rain Indicators 
!Use Weather File Snow Indicators 
RunPeriod, 
    Year around,             !- Name 
    1,                       !- Begin Month 
    1,                       !- Begin Day of Month 
    12,                      !- End Month 
    31,                      !- End Day of Month 
    Monday,                  !- Day of Week for Start Day 
    Yes,                     !- Use Weather File Holidays and Special Days 
    Yes,                     !- Use Weather File Daylight Saving Period 
    Yes,                     !- Apply Weekend Holiday Rule 
    Yes,                     !- Use Weather File Rain Indicators 
    Yes;                     !- Use Weather File Snow Indicators 
 
!-   ===========  ALL OBJECTS IN CLASS: SITE:WATERMAINSTEMPERATURE =========== 
 
! ******************** 03. Location-Climate-Weather File Access ******************** 
! 
!Calculation Method 
!Temperature Schedule Name 
!Annual Average Outdoor Air Temperature 
!Maximum Difference In Monthly Average Outdoor Air Temperatures 
Site:WaterMainsTemperature, 
    CORRELATION,             !- Calculation Method 
    ,                        !- Temperature Schedule Name 
    25,                      !- Annual Average Outdoor Air Temperature {C} 
    10;                      !- Maximum Difference In Monthly Average Outdoor Air Temperatures {deltaC} 
 
 
!-   ===========  ALL OBJECTS IN CLASS: GLOBALGEOMETRYRULES =========== 
 
! ******************** 06. Thermal Zone Description/Geometry ******************** 
! 
!Starting Vertex Position 
!Vertex Entry Direction 
!Coordinate System 
!Daylighting Reference Point Coordinate System 
 
GlobalGeometryRules, 
    LowerRightCorner,        !- Starting Vertex Position 
    Counterclockwise,        !- Vertex Entry Direction 
    Absolute,                !- Coordinate System 




















    living_unit1,            !- Name 
    ,                        !- Direction of Relative North {deg} 
    0.006,                   !- X Origin {m} 
    -0.171,                  !- Y Origin {m} 
    0.000,                   !- Z Origin {m} 
    1,                       !- Type 
    1.0,                     !- Multiplier 
    ,                        !- Ceiling Height {m} 
    autocalculate,           !- Volume {m3} 
    autocalculate;           !- Floor Area {m2} 
 
 






!Outside Boundary Condition 
!Outside Boundary Condition Object 
!Sun Exposure 
!Wind Exposure 
!View Factor to Ground 
BuildingSurface:Detailed, 
    floor,                 !- Name 
    floor,                 !- Surface Type 
    Medium floor,     !- Construction Name 
    living_unit1,            !- Zone Name 
    Outdoors,                !- Outside Boundary Condition 
    NIX4E3NUI9-X5F7DQ2796,   !- Outside Boundary Condition Object 
    NoSun,                   !- Sun Exposure 
    NoWind,                  !- Wind Exposure 




    5,                       !- Number of Vertices 
    0.006,                   !- Vertex 1 X-coordinate {m} 
    7.347,                   !- Vertex 1 Y-coordinate {m} 
    0.000,                   !- Vertex 1 Z-coordinate {m} 
    0.006,                   !- Vertex 2 X-coordinate {m} 
    -0.171,                  !- Vertex 2 Y-coordinate {m} 
    0.000,                   !- Vertex 2 Z-coordinate {m} 
    12.963,                  !- Vertex 3 X-coordinate {m} 
    -0.171,                  !- Vertex 3 Y-coordinate {m} 
    0.000,                   !- Vertex 3 Z-coordinate {m} 
    12.963,                  !- Vertex 4 X-coordinate {m} 
    7.347,                   !- Vertex 4 Y-coordinate {m} 
    0.000,                   !- Vertex 4 Z-coordinate {m} 
    0.006,                   !- Vertex 5 X-coordinate {m} 
    7.347,                   !- Vertex 5 Y-coordinate {m} 







!Outside Boundary Condition 
!Outside Boundary Condition Object 
!Sun Exposure 
!Wind Exposure 
!View Factor to Ground 
BuildingSurface:Detailed, 
    Roof1,                   !- Name 
    Roof,                    !- Surface Type 
    roofing[],     !- Construction Name 
    living_unit1,            !- Zone Name 
    Outdoors,                !- Outside Boundary Condition 
    ,                        !- Outside Boundary Condition Object 
    SunExposed,              !- Sun Exposure 
    WindExposed,             !- Wind Exposure 
    0,                       !- View Factor to Ground 
    5,                       !- Number of Vertices 
    12.963,                  !- Vertex 1 X-coordinate {m} 
    7.347,                   !- Vertex 1 Y-coordinate {m} 
    3.000,                   !- Vertex 1 Z-coordinate {m} 
    0.006,                   !- Vertex 2 X-coordinate {m} 
    7.347,                   !- Vertex 2 Y-coordinate {m} 
    3.000,                   !- Vertex 2 Z-coordinate {m} 
    3.486,                   !- Vertex 3 X-coordinate {m} 
    3.504,                   !- Vertex 3 Y-coordinate {m} 
    4.000,                   !- Vertex 3 Z-coordinate {m} 




    3.504,                   !- Vertex 4 Y-coordinate {m} 
    4.000,                   !- Vertex 4 Z-coordinate {m} 
    12.963,                  !- Vertex 5 X-coordinate {m} 
    7.347,                   !- Vertex 5 Y-coordinate {m} 







!Outside Boundary Condition 
!Outside Boundary Condition Object 
!Sun Exposure 
!Wind Exposure 
!View Factor to Ground 
BuildingSurface:Detailed, 
    Roof2,                   !- Name 
    Roof,                    !- Surface Type 
    roofing[],               !- Construction Name 
    living_unit1,            !- Zone Name 
    Outdoors,                !- Outside Boundary Condition 
    ,                        !- Outside Boundary Condition Object 
    SunExposed,              !- Sun Exposure 
    WindExposed,             !- Wind Exposure 
    0,                       !- View Factor to Ground 
    4,                       !- Number of Vertices 
    12.963,                  !- Vertex 1 X-coordinate {m} 
    -0.171,                  !- Vertex 1 Y-coordinate {m} 
    3.000,                   !- Vertex 1 Z-coordinate {m} 
    12.963,                  !- Vertex 2 X-coordinate {m} 
    7.347,                   !- Vertex 2 Y-coordinate {m} 
    3.000,                   !- Vertex 2 Z-coordinate {m} 
    9.486,                   !- Vertex 3 X-coordinate {m} 
    3.504,                   !- Vertex 3 Y-coordinate {m} 
    4.000,                   !- Vertex 3 Z-coordinate {m} 
    12.963,                  !- Vertex 4 X-coordinate {m} 
    -0.171,                  !- Vertex 4 Y-coordinate {m} 







!Outside Boundary Condition 






!View Factor to Ground 
BuildingSurface:Detailed, 
    Roof3,                   !- Name 
    Roof,                    !- Surface Type 
    roofing[],                 !- Construction Name 
    living_unit1,            !- Zone Name 
    Outdoors,                !- Outside Boundary Condition 
    ,                        !- Outside Boundary Condition Object 
    SunExposed,              !- Sun Exposure 
    WindExposed,             !- Wind Exposure 
    0,                       !- View Factor to Ground 
    4,                       !- Number of Vertices 
    12.963,                  !- Vertex 1 X-coordinate {m} 
    -0.171,                  !- Vertex 1 Y-coordinate {m} 
    3.000,                   !- Vertex 1 Z-coordinate {m} 
    9.486,                   !- Vertex 2 X-coordinate {m} 
    3.504,                   !- Vertex 2 Y-coordinate {m} 
    4.000,                   !- Vertex 2 Z-coordinate {m} 
    3.486,                   !- Vertex 3 X-coordinate {m} 
    3.504,                   !- Vertex 3 Y-coordinate {m} 
    4.000,                   !- Vertex 3 Z-coordinate {m} 
    0.006,                   !- Vertex 4 X-coordinate {m} 
    -0.171,                  !- Vertex 4 Y-coordinate {m} 







!Outside Boundary Condition 
!Outside Boundary Condition Object 
!Sun Exposure 
!Wind Exposure 
!View Factor to Ground 
BuildingSurface:Detailed, 
    Roof4,                   !- Name 
    Roof,                    !- Surface Type 
    Roofing[],               !- Construction Name 
    living_unit1,            !- Zone Name 
    Outdoors,                !- Outside Boundary Condition 
    ,                        !- Outside Boundary Condition Object 
    SunExposed,              !- Sun Exposure 
    WindExposed,             !- Wind Exposure 
    0,                       !- View Factor to Ground 
    4,                       !- Number of Vertices 




    3.504,                   !- Vertex 1 Y-coordinate {m} 
    4.000,                   !- Vertex 1 Z-coordinate {m} 
    0.006,                   !- Vertex 2 X-coordinate {m} 
    7.347,                   !- Vertex 2 Y-coordinate {m} 
    3.000,                   !- Vertex 2 Z-coordinate {m} 
    0.006,                   !- Vertex 3 X-coordinate {m} 
    -0.171,                  !- Vertex 3 Y-coordinate {m} 
    3.000,                   !- Vertex 3 Z-coordinate {m} 
    0.006,                   !- Vertex 4 X-coordinate {m} 
    -0.171,                  !- Vertex 4 Y-coordinate {m} 







!Outside Boundary Condition 
!Outside Boundary Condition Object 
!Sun Exposure 
!Wind Exposure 
!View Factor to Ground 
BuildingSurface:Detailed, 
    EW1,                     !- Name 
    Wall,                    !- Surface Type 
    exwall[],              !- Construction Name 
    living_unit1,            !- Zone Name 
    Outdoors,                !- Outside Boundary Condition 
    ,                        !- Outside Boundary Condition Object 
    SunExposed,              !- Sun Exposure 
    WindExposed,             !- Wind Exposure 
    autocalculate,           !- View Factor to Ground 
    4,                       !- Number of Vertices 
    12.963,                  !- Vertex 1 X-coordinate {m} 
    -0.171,                  !- Vertex 1 Y-coordinate {m} 
    3.000,                   !- Vertex 1 Z-coordinate {m} 
    0.006,                   !- Vertex 2 X-coordinate {m} 
    -0.171,                  !- Vertex 2 Y-coordinate {m} 
    3.000,                   !- Vertex 2 Z-coordinate {m} 
    0.006,                   !- Vertex 3 X-coordinate {m} 
    -0.171,                  !- Vertex 3 Y-coordinate {m} 
    0.000,                   !- Vertex 3 Z-coordinate {m} 
    12.963,                  !- Vertex 4 X-coordinate {m} 
    -0.171,                  !- Vertex 4 Y-coordinate {m} 










!Outside Boundary Condition 
!Outside Boundary Condition Object 
!Sun Exposure 
!Wind Exposure 
!View Factor to Ground 
BuildingSurface:Detailed, 
    EW2,                     !- Name 
    Wall,                    !- Surface Type 
    exwall[],              !- Construction Name 
    living_unit1,            !- Zone Name 
    Outdoors,                !- Outside Boundary Condition 
    ,                        !- Outside Boundary Condition Object 
    SunExposed,              !- Sun Exposure 
    WindExposed,             !- Wind Exposure 
    autocalculate,           !- View Factor to Ground 
    4,                       !- Number of Vertices 
    12.963,                  !- Vertex 1 X-coordinate {m} 
    7.347,                   !- Vertex 1 Y-coordinate {m} 
    3.000,                   !- Vertex 1 Z-coordinate {m} 
    12.963,                  !- Vertex 2 X-coordinate {m} 
    -0.171,                  !- Vertex 2 Y-coordinate {m} 
    3.000,                   !- Vertex 2 Z-coordinate {m} 
    12.963,                  !- Vertex 3 X-coordinate {m} 
    -0.171,                  !- Vertex 3 Y-coordinate {m} 
    0.000,                   !- Vertex 3 Z-coordinate {m} 
    12.963,                  !- Vertex 4 X-coordinate {m} 
    7.347,                   !- Vertex 4 Y-coordinate {m} 







!Outside Boundary Condition 
!Outside Boundary Condition Object 
!Sun Exposure 
!Wind Exposure 
!View Factor to Ground 
BuildingSurface:Detailed, 
    EW3,                     !- Name 
    Wall,                    !- Surface Type 
   exwall[],              !- Construction Name 
    living_unit1,            !- Zone Name 




    ,                        !- Outside Boundary Condition Object 
    SunExposed,              !- Sun Exposure 
    WindExposed,             !- Wind Exposure 
    autocalculate,           !- View Factor to Ground 
    4,                       !- Number of Vertices 
    0.006,                   !- Vertex 1 X-coordinate {m} 
    7.347,                   !- Vertex 1 Y-coordinate {m} 
    3.000,                   !- Vertex 1 Z-coordinate {m} 
    12.963,                  !- Vertex 2 X-coordinate {m} 
    7.347,                   !- Vertex 2 Y-coordinate {m} 
    3.000,                   !- Vertex 2 Z-coordinate {m} 
    12.963,                  !- Vertex 3 X-coordinate {m} 
    7.347,                   !- Vertex 3 Y-coordinate {m} 
    0.000,                   !- Vertex 3 Z-coordinate {m} 
    0.006,                   !- Vertex 4 X-coordinate {m} 
    7.347,                   !- Vertex 4 Y-coordinate {m} 







!Outside Boundary Condition 
!Outside Boundary Condition Object 
!Sun Exposure 
!Wind Exposure 
!View Factor to Ground 
BuildingSurface:Detailed, 
    EW4,                     !- Name 
    Wall,                    !- Surface Type 
    exwall[],              !- Construction Name 
    living_unit1,            !- Zone Name 
    Outdoors,                !- Outside Boundary Condition 
    ,                        !- Outside Boundary Condition Object 
    SunExposed,              !- Sun Exposure 
    WindExposed,             !- Wind Exposure 
    autocalculate,           !- View Factor to Ground 
    4,                       !- Number of Vertices 
    0.006,                   !- Vertex 1 X-coordinate {m} 
    -0.171,                  !- Vertex 1 Y-coordinate {m} 
    3.000,                   !- Vertex 1 Z-coordinate {m} 
    0.006,                   !- Vertex 2 X-coordinate {m} 
    7.347,                   !- Vertex 2 Y-coordinate {m} 
    3.000,                   !- Vertex 2 Z-coordinate {m} 
    0.006,                   !- Vertex 3 X-coordinate {m} 
    7.347,                   !- Vertex 3 Y-coordinate {m} 




    0.006,                   !- Vertex 4 X-coordinate {m} 
    -0.171,                  !- Vertex 4 Y-coordinate {m} 







!Outside Boundary Condition 
!Outside Boundary Condition Object 
!Sun Exposure 
!Wind Exposure 
!View Factor to Ground 
BuildingSurface:Detailed, 
    ceiling,                   !- Name 
    ceiling,                   !- Surface Type 
    ceiling construction,            !- Construction Name 
    living_unit1,            !- Zone Name 
    Adiabatic,               !- Outside Boundary Condition 
    ,                        !- Outside Boundary Condition Object 
    NoSun,                   !- Sun Exposure 
    NoWind,                  !- Wind Exposure 
    0,                       !- View Factor to Ground 
    4,                       !- Number of Vertices 
    0.006,                   !- Vertex 1 X-coordinate {m} 
    -0.171,                  !- Vertex 1 Y-coordinate {m} 
    3.000,                   !- Vertex 1 Z-coordinate {m} 
    0.006,                   !- Vertex 2 X-coordinate {m} 
    7.347,                   !- Vertex 2 Y-coordinate {m} 
    3.000,                   !- Vertex 2 Z-coordinate {m} 
    12.963,                  !- Vertex 3 X-coordinate {m} 
    7.347,                   !- Vertex 3 Y-coordinate {m} 
    3.000,                   !- Vertex 3 Z-coordinate {m} 
    12.963,                  !- Vertex 4 X-coordinate {m} 
    -0.171,                  !- Vertex 4 Y-coordinate {m} 
    3.000;                   !- Vertex 4 Z-coordinate {m} 
 




!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 







    Win1,                    !- Name 
    Glazing,                 !- Construction Name 
    EW4,                !- Building Surface Name 
    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 
    -6.448,                  !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    1.939,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 




    Win2,                    !- Name 
    Glazing,                 !- Construction Name 
    EW4,                !- Building Surface Name 
    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 
    -2.233,                  !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    0.650,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 







    Win3,                    !- Name 
    Glazing,                 !- Construction Name 
    EW1,                !- Building Surface Name 
    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 
    -9.826,                  !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    1.349,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 




    Win4,                    !- Name 
    Glazing,                 !- Construction Name 
    EW1,                !- Building Surface Name 
    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 
    -5.454,                  !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    1.320,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 








    Glazing,                 !- Construction Name 
    EW1,                !- Building Surface Name 
    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 
    -1.883,                  !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    1.373,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 




    Win6,                    !- Name 
    Glazing,                 !- Construction Name 
    EW2,                !- Building Surface Name 
    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 
    -6.309,                  !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    1.886,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 




    Win7,                    !- Name 
    Glazing,                 !- Construction Name 




    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 
    -2.496,                  !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    1.392,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 




    Win8,                    !- Name 
    Glazing,                 !- Construction Name 
    EW3,                !- Building Surface Name 
    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 
    -11.980,                 !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    1.351,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 




    Win9,                    !- Name 
    Glazing,                 !- Construction Name 
    EW3,                !- Building Surface Name 
    ,                        !- Shading Control Name 




    1,                       !- Multiplier 
    -8.867,                  !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    0.918,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 




    Win10,                   !- Name 
    Glazing,                 !- Construction Name 
    EW3,                !- Building Surface Name 
    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 
    -5.492,                  !- Starting X Coordinate {m} 
    0.800,                   !- Starting Z Coordinate {m} 
    0.663,                   !- Length {m} 





!Building Surface Name 
!Shading Control Name 
!Frame and Divider Name 
!Multiplier 
!Starting X Coordinate 




    Win11,                   !- Name 
    Glazing,                 !- Construction Name 
    EW3,                !- Building Surface Name 
    ,                        !- Shading Control Name 
    ,                        !- Frame and Divider Name 
    1,                       !- Multiplier 




    0.800,                   !- Starting Z Coordinate {m} 
    1.893,                   !- Length {m} 
    1.200;                   !- Height {m} 
 
 
!-   ===========  ALL OBJECTS IN CLASS: PEOPLE =========== 
 




!Zone or ZoneList Name 
!Number of People Schedule Name 
!Number of People Calculation Method 
!Number of People 
!People per Zone Floor Area 
!Zone Floor Area per Person 
!Fraction Radiant 
!Sensible Heat Fraction 
!Activity Level Schedule Name 
!Carbon Dioxide Generation Rate 
!Enable ASHRAE 55 Comfort Warnings 
!Mean Radiant Temperature Calculation Type 
People, 
    Living People,           !- Name 
    living_unit1,            !- Zone or ZoneList Name 
    Occupancy_1,             !- Number of People Schedule Name 
    People,                  !- Number of People Calculation Method 
    3.4,                     !- Number of People 
    ,                        !- People per Zone Floor Area {person/m2} 
    ,                        !- Zone Floor Area per Person {m2/person} 
    0.32,                    !- Fraction Radiant 
    0.573,                   !- Sensible Heat Fraction 
    OccupantActivity_1,      !- Activity Level Schedule Name 
    0,                       !- Carbon Dioxide Generation Rate {m3/s-W} 
    No,                      !- Enable ASHRAE 55 Comfort Warnings 
    ZoneAveraged,             !- Mean Radiant Temperature Calculation Type 
 ,         !- Surface Name/Angle Factor List Name 
 Work_Eff_Sch,      !- Work Efficiency Schedule Name 
 DynamicClothingModelASHRAE55,  !- Clothing Insulation Calculation Method 
    ,                        !- Clothing Insulation Calculation Method Schedule Name 
    ,            !- Clothing Insulation Schedule Name 
    Air_Velo_Sch,            !- Air Velocity Schedule Name 
    Fanger;                  !- Thermal Comfort Model 1 Type 
 
!-   ===========  ALL OBJECTS IN CLASS: HVACTEMPLATE:THERMOSTAT =========== 






!Heating Setpoint Schedule Name 
!Constant Heating Setpoint 
!Cooling Setpoint Schedule Name 
!Constant Cooling Setpoint 
HVACTemplate:Thermostat, 
    All Zones,               !- Name 
    ,                        !- Heating Setpoint Schedule Name 
    18,                      !- Constant Heating Setpoint {C} 
    ,                        !- Cooling Setpoint Schedule Name 
    23;                      !- Constant Cooling Setpoint {C} 
 
##include PVSystem.idf 
##include Initial Costs.idf    
##include LCCA.idf 

































Appendix D: Wall Constructions Module Code 
##if #[exwall[] eqs StandardWall] 
 
Construction, 
    exwall[],     !- Name 
    stucco,       !- Outside Layer 
    M10200mmconcreteblockfilled,          !- Layer 1 




##elseif #[exwall[] eqs ICF1] 
 
Construction,   
    exwall[],       !- Name 
    G0413mmwood, 
 ICFins1,       !- Outside Layer 
    Concrete,       !- Layer 1 
    ICFins1, 
 G0413mmwood;       !- Layer 2 
  
##elseif #[exwall[] eqs ICF2] 
 
Construction,   
    exwall[],       !- Name 
    G0413mmwood, 
 ICFins2,       !- Outside Layer 
    Concrete,       !- Layer 1 
    ICFins2, 
 G0413mmwood;       !- Layer 2 
  
##elseif #[exwall[] eqs CMUitg1] 
 
Construction, 
    exwall[],     !- Name 
    stucco,       !- Outside Layer 
    CMU1,  !- Layer 1 
    stucco;       !- Layer 2 
  
##elseif #[exwall[] eqs CMUitg2] 
 
Construction, 
    exwall[],     !- Name 
    stucco,       !- Outside Layer 
    CMU2,  !- Layer 1 





##elseif #[exwall[] eqs CMUext] 
 
Construction, 
    exwall[],     !- Name 
    G0413mmwood,       !- Outside Layer 
    Insulation[],       !- Layer 1 
    M10200mmconcreteblockfilled,          !- Layer 2 
    stucco;       !- Layer 3 
  
  
    
##elseif #[exwall[] eqs CMUint] 
 
Construction, 
    
   exwall[],       !- Name 
    stucco,       !- Outside Layer 
    M10200mmconcreteblockfilled,          !- Layer 1 
    Insulation[],       !- Layer 2 
    16mmgypsumboard;  !- Layer 3 
  
##elseif #[exwall[] eqs Val] 
 
Construction, 
    
   exwall[],       !- Name 
    Plaster,       !- Outside Layer 
    Insulation[],          !- Layer 1 
    hollow concrete block,!- Layer 2 


















Appendix E: Cost Calculation Module Code 




    Total Glazing Cost,      !- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    Glazing,                 !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    Glaz_cost[];  !- Cost per Area {$/m2} 
  
!Wall Construction  
 
##if #[exwall[] eqs StandardWall] 
 
ComponentCost:LineItem, 
    Total Exterior wall Cost,!- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    exwall[],                !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[stucco_cost[] + stucco_cost[]] + M10200mmconcreteblockfilled[]];  !- Cost per Area {$/m2} 
 
##elseif #[exwall[] eqs ICF1] 
  
##set1 ins1cost[] = #[#[ICFins1_cost[] * wallinsthick[]] * 2] 
 
ComponentCost:LineItem, 
    Total Exterior wall Cost,!- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    exwall[],                !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[#[ins1cost[] + Concrete_cost[]] + G0413mmwood_cost[]] + G0413mmwood_cost[]];  !- Cost per 
Area {$/m2} 
 
##elseif #[exwall[] eqs ICF2] 
  
##set1 ins2cost[] = #[#[ICFins2_cost[] * wallinsthick[]] * 2] 
 
ComponentCost:LineItem, 




    ,                        !- Type 
    Construction,            !- Line Item Type 
    exwall[],                !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[#[ins2cost[] + Concrete_cost[]] + G0413mmwood_cost[]] + G0413mmwood_cost[]];  !- Cost per 
Area {$/m2} 
 




    Total Exterior wall Cost,!- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    exwall[],                !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[stucco_cost[] + stucco_cost[]] + CMU_filled_cost1[]];  !- Cost per Area {$/m2} 
 
##elseif #[exwall[] eqs CMUitg2] 
 
ComponentCost:LineItem, 
    Total Exterior wall Cost,!- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    exwall[],                !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[stucco_cost[] + stucco_cost[]] + CMU_filled_cost2[]];  !- Cost per Area {$/m2} 
 
##elseif #[exwall[] eqs CMUext] 
 
##set1 Insulation_cost[] = #[Insulation_cost[] * wallinsthick[]] 
 
ComponentCost:LineItem, 
    Total Exterior wall Cost,!- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    exwall[],                !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[#[G0413mmwood_cost[] + Insulation_cost[]] + M10200mmconcreteblockfilled[]] + stucco_cost[]];  
!- Cost per Area {$/m2} 
  
##elseif #[exwall[] eqs Val] 
 






    Total Exterior wall Cost,!- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    exwall[],                !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[#[Plaster_cost[] + Insulation_cost[]] + M10200mmconcreteblockfilled[]] + Plaster_cost[]];  !- Cost 
per Area {$/m2} 
 
##elseif #[exwall[] eqs CMUint] 
 
##set1 Insulation_cost[] = #[Insulation_cost[] * wallinsthick[]] 
 
ComponentCost:LineItem, 
    Total Exterior wall Cost,!- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    exwall[],                !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[#[16mmgypsumboard_cost[] + Insulation_cost[]] + M10200mmconcreteblockfilled[]] + 




! Roof Construction 
##if #[Roofing[] eqs Standard_Roof] 
 
ComponentCost:LineItem, 
    Total Roof Cost,         !- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    Roofing[],               !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[Shingles_cost[] + Plywood-3_4in_cost[]] + StudandAirRoof_cost[]];  !- Cost per Area {$/m2} 
 
##elseif #[Roofing[] eqs Reflective_Roof]  
  
ComponentCost:LineItem, 
    Total Roof Cost,         !- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    Roofing[],               !- Item Name 
    ,                        !- Object End-Use Key 




    #[#[Shingles_cost[] + ReflectiveMaterial_cost[]] + StudandAirRoof_cost[]];  !- Cost per Area {$/m2} 
 
##elseif #[Roofing[] eqs Insulated_Roof]  
  
##set1 Roof_insulation_cost[] = #[Roof_insulation_cost[] * roofinsthick[]]  
ComponentCost:LineItem, 
    Total Roof Cost,         !- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    Roofing[],               !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[#[Shingles_cost[] + Plywood-3_4in_cost[]] + StudandAirRoof_cost[]] + Roof_insulation_cost[]];  !- 
Cost per Area {$/m2} 
 
##elseif #[Roofing[] eqs Reflective_Insulated_Roof]  
 
##set1 Roof_insulation_cost[] = #[Roof_insulation_cost[] * roofinsthick[]]  
 
ComponentCost:LineItem, 
    Total Roof Cost,         !- Name 
    ,                        !- Type 
    Construction,            !- Line Item Type 
    Roofing[],               !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    #[#[#[Shingles_cost[] + ReflectiveMaterial_cost[]] + StudandAirRoof_cost[]] + Roof_insulation_cost[]];  






    Lights Cost,             !- Name 
    ,                        !- Type 
    Lights,                  !- Line Item Type 
    living_unit1,            !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    ,                        !- Cost per Area {$/m2} 




    HVAC Cost,               !- Name 
    ,                        !- Type 
    Coil:DX,                 !- Line Item Type 




    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    ,                        !- Cost per Area {$/m2} 
    754;                     !- Cost per Unit of Output Capacity {$/kW} 
  
##if #[PVfraction[] GT 0] 
  
ComponentCost:LineItem, 
    PV Cost,                 !- Name 
    ,                        !- Type 
    Generator:Photovoltaic,  !- Line Item Type 
    PV Gen,                  !- Item Name 
    ,                        !- Object End-Use Key 
    ,                        !- Cost per Each {$} 
    ,                        !- Cost per Area {$/m2} 
    4000;                    !- Cost per Unit of Output Capacity {$/kW} 
  
##if #[Batterycap[] GT 0] 
ComponentCost:LineItem, 
    Battery Cost,                 !- Name 
    ,                        !- Type 
    General,  !- Line Item Type 
    Battery,                 !- Item Name 
    ,                        !- Object End-Use Key 
    #[Batterycap[] * 24],     !- Cost per Each {$} 
    ,                        !- Cost per Area {$/m2} 
    ,                        !- Cost per Unit of Output Capacity {$/kW} 
 ,                        !- Cost per Unit of Output Capacity per COP {$/kW} 
    ,                        !- Cost per Volume {$/m3} 
    ,                        !- Cost per Volume Rate {$/(m3/s)} 
    ,                        !- Cost per Energy per Temperature Difference {$/(W/K)} 

















Appendix F: PV Battery system Module 
!-   ===========  ALL OBJECTS IN CLASS: SHADING:SITE =========== 
Shading:Site, 
    PV Surface,              !- Name 
    Azimuth[],                     !- Azimuth Angle {deg} 
    tilt[],                  !- Tilt Angle {deg} 
    100,                     !- Starting X Coordinate {m} 
    0,                       !- Starting Y Coordinate {m} 
    10,                      !- Starting Z Coordinate {m} 
    10,                      !- Length {m} 
    10;                      !- Height {m} 
 
!-   ===========  ALL OBJECTS IN CLASS: GENERATOR:PHOTOVOLTAIC =========== 
Generator:Photovoltaic, 
    PV Gen,                  !- Name 
    PV Surface,              !- Surface Name 
    PhotovoltaicPerformance:Simple,  !- Photovoltaic Performance Object Type 
    PVPer,                   !- Module Performance Name 
    Decoupled,               !- Heat Transfer Integration Mode 
    1,                       !- Number of Series Strings in Parallel {dimensionless} 
    1;                       !- Number of Modules in Series {dimensionless} 
 




    PVPer,          !- Name 
    PVfraction[],            !- Fraction of Surface Area with Active Solar Cells {dimensionless} 
    Fixed,                   !- Conversion Efficiency Input Mode 
    0.15;                     !- Value for Cell Efficiency if Fixed 
 




    Generators,              !- Name 
    PV Gen,                  !- Generator 1 Name 
    Generator:Photovoltaic,  !- Generator 1 Object Type 
    90000,                   !- Generator 1 Rated Electric Power Output {W} 
    ,                        !- Generator 1 Availability Schedule Name 
    ;                        !- Generator 1 Rated Thermal to Electrical Power Ratio 
 








   AlwaysOn,                !- Availability Schedule Name 
    ,                        !- Zone Name 
    0.1,                    !- Radiative Fraction 
    20000,                   !- Rated Maximum Continuous Output Power {W} 
    200.0,                   !- Night Tare Loss Power {W} 
    230,                     !- Nominal Voltage Input {V} 
    0.839,                   !- Efficiency at 10% Power and Nominal Voltage 
    0.897,                   !- Efficiency at 20% Power and Nominal Voltage 
    0.916,                   !- Efficiency at 30% Power and Nominal Voltage 
    0.931,                   !- Efficiency at 50% Power and Nominal Voltage 
    0.934,                   !- Efficiency at 75% Power and Nominal Voltage 
    0.930;                   !- Efficiency at 100% Power and Nominal Voltage 
 




    PVwStorage,              !- Name 
    Generators,              !- Generator List Name 
    TrackElectrical,         !- Generator Operation Scheme Type 
    ,                        !- Generator Demand Limit Scheme Purchased Electric Demand Limit {W} 
    ,                        !- Generator Track Schedule Name Scheme Schedule Name 
    ,                        !- Generator Track Meter Scheme Meter Name 
    DirectCurrentWithInverterDCStorage,  !- Electrical Buss Type 
    Inverter,                !- Inverter Name 
    Batt,                 !- Electrical Storage Object Name 
    ,                        !- Transformer Object Name 
    TrackFacilityElectricDemandStoreExcessOnSite,  !- Storage Operation Scheme 
    ,                        !- Storage Control Track Meter Name 
    ,                        !- Storage Converter Object Name 
    0.95,                    !- Maximum Storage State of Charge Fraction 
    0.20;                    !- Minimum Storage State of Charge Fraction 
  




    Batt,                 !- Name 
    AlwaysOn,                !- Availability Schedule Name 
    ,                        !- Zone Name 
    .1,                      !- Radiative Fraction 
    1,                       !- Number of Battery Modules in Parallel 
    1,                       !- Number of Battery Modules in Series 
    Batterycap[],            !- Maximum Module Capacity {Ah} 
    0,                       !- Initial Fractional State of Charge 
    0.8,                     !- Fraction of Available Charge Capacity 
    1,                  !- Change Rate from Bound Charge to Available Charge {1/hr} 




    47,                    !- Fully Discharged Module Open Circuit Voltage {V} 
    charging,                !- Voltage Change Curve Name for Charging 
    discharging,             !- Voltage Change Curve Name for Discharging 
    0.013,                   !- Module Internal Electrical Resistance {ohms} 
    50,                       !- Maximum Module Discharging Current {A} 
    45,                      !- Module Cut-off Voltage {V} 
    .8,                       !- Module Charge Rate Limit 
    no,                      !- Battery Life Calculation 
    5,                       !- Number of Cycle Bins 
    Doubleexponential;       !- Battery Life Curve Name 
 




    charging,                !- Name 
    -.2765,                  !- Coefficient1 C1 
    -93.27,                  !- Coefficient2 C2 
    0.0068,                  !- Coefficient3 C3 
    0,                       !- Minimum Value of x 
    1,                       !- Maximum Value of x 
    -100,                    !- Minimum Curve Output 
    100,                     !- Maximum Curve Output 
    Dimensionless,           !- Input Unit Type for x 
    Dimensionless;           !- Output Unit Type 
 
Curve:RectangularHyperbola2, 
    discharging,             !- Name 
    0.0899,                  !- Coefficient1 C1 
    -98.24,                  !- Coefficient2 C2 
    -.0082,                  !- Coefficient3 C3 
    0,                       !- Minimum Value of x 
    1,                       !- Maximum Value of x 
    -100,                    !- Minimum Curve Output 
    100,                     !- Maximum Curve Output 
    Dimensionless,           !- Input Unit Type for x 
    Dimensionless;           !- Output Unit Type 
 
 




    Doubleexponential,       !- Name 
    1380,                    !- Coefficient1 C1 
    6834,                    !- Coefficient2 C2 
    -8.75,                   !- Coefficient3 C3 




    -6.22,                   !- Coefficient3 C5 
    0,                       !- Minimum Value of x 
    1,                       !- Maximum Value of x 
    ,                        !- Minimum Curve Output 
    ,                        !- Maximum Curve Output 
    Dimensionless,           !- Input Unit Type for x 











































Appendix G: jEPlus+EA .RVX File Code 
{ 
 "notes": "RVX File Created by Raymond Bingham for MASc Thesis", 
 "rvis": [{ 
  "fileName": "my.rvi", 
  "tableName": "SimResults" 
 }], 
 
 "sqls": [{ 
   "tableName": "Net Site Energy", 
   "columnHeaders": "Net Site Energy [kWh]", 
   "sqlcommand": "SELECT Value FROM TabularDataWithStrings Where 
(ReportName='AnnualBuildingUtilityPerformanceSummary' AND ReportForString='Entire Facility' AND 
TableName='Site and Source Energy' AND RowName='Net Site Energy' AND ColumnName='Total 
Energy' AND Units ='kWh')" 
 
  },  
  { 
   "tableName": "NPV", 
   "columnHeaders": "Net Present Value [$]", 
   "sqlcommand": "SELECT Value FROM TabularDataWithStrings Where 
(ReportName='Life-Cycle Cost Report' AND ReportForString='Entire Facility' AND TableName='Present 
Value by Category' AND RowName='Grand Total' AND ColumnName='Present Value')" 
 
  }, 
  { 
   "tableName": "PPD", 
   "columnHeaders": "PPD [%]", 
   "sqlcommand": "SELECT Value FROM TabularDataWithStrings Where 
(ReportName='OccupantComfortDataSummaryMonthly' AND ReportForString='LIVING PEOPLE' AND 
TableName='Custom Monthly Report' AND RowName='Annual Sum or Average' AND 
ColumnName='ZONE THERMAL COMFORT FANGER MODEL PPD {FOR HOURS SHOWN}' And 
Units='%')" 
  }, 
   
  {  
  "tableName": "Purchased Electricity", 
  "columnHeaders": "Purchased Electricity [GJ]", 
  "sqlcommand":"SELECT Value FROM TabularDataWithStrings WHERE 
(ReportName='EnergyMeters' AND ReportForString='Entire Facility' AND TableName='Annual and Peak 
Values - Electricity' AND RowName='ElectricityPurchased:Plant' AND ColumnName='Electricity Annual 
Value' AND Units='GJ')" 
  }, 
   
  {  
  "tableName": "Electricity Produced", 




  "sqlcommand":"SELECT Value FROM TabularDataWithStrings WHERE 
(ReportName='EnergyConsumptionElectricityGeneratedPropaneMonthly' AND ReportForString='Meter' 
AND TableName='Custom Monthly Report' AND RowName='Annual Sum or Average' AND 
ColumnName='ELECTRICITYPRODUCED:FACILITY' AND Units='kWh')" 
  }, 
  {  
  "tableName": "AT NPV", 
  "columnHeaders": "ATNPV", 
  "sqlcommand":"SELECT Value FROM TabularDataWithStrings WHERE 
(ReportName='Life-Cycle Cost Report' AND ReportForString='Entire Facility' AND TableName= 'After 
Tax Estimate' AND RowName= 'TOTAL' AND ColumnName= 'After Tax Present Value' AND Units='')" 
  }, 
   
  {  
  "tableName": "HE", 
  "columnHeaders": "Heating Electrical Consumption", 
  "sqlcommand":"SELECT Value FROM TabularDataWithStrings WHERE 
(ReportName='AnnualBuildingUtilityPerformanceSummary' AND ReportForString='Entire Facility' AND 
TableName= 'End Uses' AND RowName= 'Heating' AND ColumnName= 'Electricity' AND Units='kWh')" 
  }, 
   
  {  
  "tableName": "WUF", 
  "columnHeaders": "Wall U-Factor [W/m2-K]", 
  "sqlcommand":"SELECT Value FROM TabularDataWithStrings WHERE 
(ReportName='EnvelopeSummary' AND ReportForString='Entire Facility' AND TableName= 'Opaque 
Exterior' AND RowName= 'EW1' AND ColumnName= 'U-Factor with Film' AND Units='W/m2-K')" 
  }, 
   
  {  
  "tableName": "RUF", 
  "columnHeaders": "Roof U-Factor", 
  "sqlcommand":"SELECT Value FROM TabularDataWithStrings WHERE 
(ReportName='EnvelopeSummary' AND ReportForString='Entire Facility' AND TableName= 'Opaque 
Exterior' AND RowName= 'ROOF1' AND ColumnName= 'U-Factor with Film' AND Units='W/m2-K')" 
  } 
   
  ], 
 
 "userVars": [{ 
   "identifier": "v0", 
   "formula": "c0/1000/3600", 
   "caption": "Annual Electricity Used [kWh]", 
   "report": true 
  },  
   
  { 
   "identifier": "v1", 




   "caption": "Annual Cooling Electricity [kWh]", 
   "report": true 
  }, 
     
  { 
   "identifier": "v2", 
   "formula": "c2", 
   "caption": "Net Site Energy [kWh]", 
   "report": true 
  }, 
 
  { 
   "identifier": "v3", 
   "formula": "c3", 
   "caption": "NPV [$]", 
   "report": true 
  }, 
   
  { 
   "identifier": "v4", 
   "formula": "v2/v0", 
   "caption": "S", 
   "report": true 
  }, 
  { 
   "identifier": "v5", 
   "formula": "c4", 
   "caption": "Fanger PPD", 
   "report": true 
  }, 
   
  { 
   "identifier": "v6", 
   "formula": "c5*277.778", 
   "caption": "Purchased Electricity [kWh]", 
   "report": true 
  }, 
 
  { 
   "identifier": "v7", 
   "formula": "c6", 
   "caption": "Electricity Produced [kWh]", 
   "report": true 
  }, 
   
  { 
   "identifier": "v8", 




   "caption": "Net Carbon Emissions [tCO2]", 
   "report": true 
  }, 
   
  { 
   "identifier": "v9", 
   "formula": "c7", 
   "caption": "ATNPV [$]", 
   "report": true 
  }, 
  { 
   "identifier": "v10", 
   "formula": "c8", 
   "caption": "Annual Heating Electricity [kWh]", 
   "report": true 
  }, 
   
  { 
   "identifier": "v11", 
   "formula": "1/c9", 
   "caption": "Wall R-Value [m2-K/W]", 
   "report": true 
  }, 
   
  { 
   "identifier": "v12", 
   "formula": "1/c10", 
   "caption": "Roof R-Value [m2-K/W]", 
   "report": true 
  }, 
   
  { 
   "identifier": "v13", 
   "formula": "(v7/v0)", 
   "caption": "NER", 
   "report": true 
  } 
 ], 
"constraints": [ 
    
{ 
        "identifier" : "PPD", 
        "formula" : "v5", 
        "caption" : "PPD [%]", 
        "scaling" : true, 
        "lb" : "0", 
        "ub" : "20", 




        "max" : "20", 
        "weight" : "10000000" 
    } 
], 
  
 "objectives": [ 
  
  { 
   "identifier": "NPV", 
   "formula": "v3", 
   "caption": "Net Present Value [$]", 
   "scaling": "false", 
   "min": "-10000000", 
   "max": "10000000", 
   "weight": "1.0" 
  }, 
   
  { 
   "identifier": "CO2", 
   "formula": "v8", 
   "caption": "Carbon Emissions [tCO2]", 
   "scaling": "false", 
   "min": "-10000000", 
   "max": "10000000", 
   "weight": "1.0" 
  } 






Appendix H: Optimizations Detailed Solutions 
 








Window Glazing Roof 
Construction 
Type 














CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.36 LED 5.58612 161419.6 12594.56 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.4 LED 5.57706 161616 12578.43 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.41 LED 5.57538 161669.9 12574.84 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.42 LED 5.57373 161725.9 12571.51 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.43 LED 5.57227 161783.3 12568.32 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.44 LED 5.57097 161842.2 12565.27 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.18 0.44 LED 5.57026 161844.5 12553.55 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.49 LED 5.56765 162162.7 12552.57 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.51 LED 5.56683 162294.4 12547.62 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.18 0.51 LED 5.56627 162296.6 12535.91 
CMUint mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.56 LED 5.56754 162611.8 12533.14 
CMUext mineral_fiber Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.55 LED 5.46426 163075.3 12523.84 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.16 0.42 LED 5.5566 166229.9 12458.8 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.16 0.45 LED 5.55405 166407.8 12449.77 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.16 0.47 LED 5.55303 166532.7 12444.33 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.45 LED 5.55591 166742.7 12442.38 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.45 LED 5.55591 166742.7 12442.38 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.46 LED 5.55533 166804.7 12439.62 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.47 LED 5.55489 166867.6 12436.93 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.48 LED 5.55457 166931.4 12434.31 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.48 LED 5.55457 166931.4 12434.31 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.48 LED 5.55457 166931.4 12434.31 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.49 LED 5.55437 166996.1 12431.74 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.49 LED 5.55437 166996.1 12431.74 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.5 LED 5.55425 167061.7 12429.26 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.5 LED 5.55425 167061.7 12429.26 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.5 LED 5.55425 167061.7 12429.26 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.55 LED 5.55572 167383 12415.45 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.55 LED 5.55572 167383 12415.45 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.56 LED 5.55639 167445.4 12412.36 




ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.56 LED 5.55639 167445.4 12412.36 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.2 0.51 LED 5.55887 168164.7 12408.7 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.24 0.55 LED 5.5649 169852.9 12379.59 
ICF2 XPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.24 0.55 LED 5.5649 169852.9 12379.59 
ICF1 EPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.56 LED 5.56403 171833.1 12379.54 
ICF1 EPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.17 0.56 LED 5.56403 171833.1 12379.54 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.42 LED 5.56277 174787.8 12379.52 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.42 LED 5.56277 174787.8 12379.52 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.42 LED 5.56277 174787.8 12379.52 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.16 0.46 LED 5.56545 174825.4 12373.15 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.45 LED 5.56589 175280.5 12370.28 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.46 LED 5.5669 175446.5 12367.38 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.16 0.5 LED 5.56925 175496.2 12362.35 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.16 0.5 LED 5.56925 175496.2 12362.35 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.48 LED 5.56891 175779.9 12361.75 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.16 0.52 LED 5.5709 175836.1 12357.51 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.16 0.52 LED 5.5709 175836.1 12357.51 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.5 LED 5.57071 176117.2 12356.57 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.5 LED 5.57071 176117.2 12356.57 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.5 LED 5.57071 176117.2 12356.57 
ICF1 EPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.24 0.55 LED 5.56964 176216.2 12354.97 
ICF1 EPS Double_low_e_Air Insulated_Roof Mineral_wool_roof 0.24 0.56 LED 5.57034 176278.6 12351.87 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.16 0.55 LED 5.57303 176350.7 12350.84 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.55 LED 5.57449 176971.6 12345.05 
ICF1 EPS Double_low_e_Air Insulated_Roof XPS_roof 0.17 0.55 LED 5.57449 176971.6 12345.05 







































Azimuth PV Area 
Fraction 
























































































































































































































































































































































































































































































































































































0.22 0.34 LED 0.95 24 0 180 16.34634 126016.8 -5147.44 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































0.09 0.19 LED 0.45 20.5 0 180 15.3455 169896.
1 
-833.333 




















































































0.09 0.19 LED 0.55 20.5 0 180 15.3455 173564.
2 
-1712.31 























0.09 0.2 LED 0.55 22.5 0 180 15.3666 173623.
2 
-1719.65 




0.08 0.28 LED 0.55 23 0 180 15.4406 173782 -1721.58 

























































































































0.09 0.19 LED 0.65 20.5 0 180 15.3455 177801.
7 
-2571.63 



















































0.08 0.2 LED 0.7 20.5 0 180 15.3179 179877.
6 
-2992.83 































































0.08 0.23 LED 0.75 20 0 180 15.3740
2 
182336 -3416.18 



















































0.08 0.22 LED 0.8 20 0 180 15.3545 184673.
2 
-3836.02 






















































0.08 0.32 LED 0.85 23.5 0 180 15.4782 187731.
4 
-4275.79 













0.08 0.34 LED 0.85 23 0 180 15.4943
4 
187836 -4276.81 



























































































































0.09 0.2 LED 0.95 22.5 0 180 15.3666 192266 -5104.92 






























































0.08 0.54 LED 0.95 26.5 0 180 16.4065 195592.
8 
-5160.12 













































0.09 0.19 LED 0.9 26.5 360 180 15.3455
7 
202324 -5768.41 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































0.22 0.34 LED 0.95 24 0 180 16.34634 126016.8 -5147.44 
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